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Abstract

Turbomachinery blade vibrations can cause High Cyele Farigue. which reduees blade life. In order to observe this vibration a non-
intrusive monitoring system is sought. The vibration can be detected by measuring blade tip timing since in the presenee of vibration
the blade timing will difter slightly from the passing time calculated from rotor speed. Much rescarch and developiment has gonc into
investipating the ability of optical probes to achicve this. Howaever, this paper looks at the potential for a dual use capacitance probe
sensor to measure both tip timing and tip clearance. This paper provides new insights into the ability of a commercially available
capacitance probe tip clearance measurement system tor application as a non-intrusive turbomachinery blade tip timing measurement
device. This is done by corrclating capacitance probe tip timing results with simultancously nicasured blade-mounted strain gauge
vibration results and preeisc rotational speeds. Blade tip vibration amplitudes are measured using eapacitance probes and compared
10 strain derived vibration levels, Thus the characterisation and quantification of the performance of the capacitance probe system
when measuring blade vibration on a full-sized low-speed research compressor is analysed and reported.
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1. Introduction

Capacitance probe bascd clearance measurement syslems
sec widespread use in turbomachincry applications to cstablish
rotor bladc tip clearance. This paper npom investigations into
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fonal usc in acro-ongine rotor blade tip
timing mcasurement for these commercially availablc systems,
Tip clearance is of preat importance in the gas turbine industry:
this is clear from the fact that gas turbing cfficiency has an
inverse relationship with tip clearancc |1] |2]. Larec tip
clearance leads to large leakage flows, hence low cfficiency.,
thus the common usc of the capacitance probe clearance
measurement teehnique in monitoring turbomachinery.

The most suitable mothod of capacitance probe  for
trbomachine tip clearance measurement is the frequency
modulated (M) capacitance probe. This method was first
developed by Chivers (1989) [3] [4]. The work suggests that it
is superior to a DC system for on-engine applications as ['M
capacitance probes are unatfected by pas lonisation effects that
arc present in gas furbines, Tt is also the casc that XC systems
have relatively poor frequency  response, making  their
calibrations highly RPM dependent |3

The vibration of turbomachinery blades is an important event
tand. obscrve and pro f
developing a tip timing measurement s.\_-'s‘rcm. Vibration leads
to High Cyele Fatigue (HCF), which limits blade durability and
life. HCT can result in blade failure, having cxpensive
consequences for the cngine involved. The traditional methed
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for monitoring blade vibration under test conditions is to usc
blade-mounted strain pauges. However, straln gauges arc
costly and time consuming to install, They have a limited
operating  life as they are subjected 1o the harsh engine
conditions. Only a limited number of blades can be monitored
with strain paugces as the number that can be used is limited by
the number of channels in the slip ring or telemetry unit. They
can also  interfere  with  the  assembly  acrodynamics.
Consequently non-intrusive alernative techniques such as tip
timing arc sought.

A survey of the open literature in blade tip timing shows that
measurement systems are dominated by optical techniques. The
laser Doppler method for tip timing measurement was tivst
proposed inthe 19703 |6]. The optical technique is appealing as
it mcets the high bandwidth requircments of tip timing
measurements.

Optical systents have been successtully used on test rigs with
several optical probes mounted cqually spaced around the
turbomachine casing. These svstems can be used to obtain
vibration amplitude through curve fitting and  vibration
frequencies by using  Touricr  analvsis.  Alternatively,
algorithms on the signals from a number of probes over a
number of rotor revolutions may be used to determine vibration
amplitude and frequency |7]. However, there are practical
problems associated with mounting such monitoring systems
on in-serviee jet engines. Optical probes require high
maintenance to keep the lenses elean, probably incorporating a
purge air system w keep the lenses from fouling. Such
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impracticalitics and added weight make it unlikely that an
optical probe based tip timing system will be fitted on an in-
service cnginge in the foresecable future.

As an alternative to optical probe tip timing, this programme
of rescarch set out to investigate the practicalitics of developing
a dual usc capacitance probe based sensor that is capable of
measuring hoth turbomachinery blade tip clearance and tip
timing. The capacitance probe has greater potential than the
optical prohe as a dual use sensor as it is difticult to measure tip
clearance on a turbomachine using an  optical probe,
particularly an in-service jot enpine again due to fouling issucs.
Thiz will be achieved by taking an coxisting commercially
available I'M eapacitance probe based wrbomachinery blade
1ip clearance measurement sy stent and using it to measure blade
tip timing. Thus, this programme of rescarch cmbarks on an
extensive body of practical experimental work in order to gain
an understanding of the capacitance probe’s application as a tip
timing measurement device, This worls culminates in blade tip
vibration measurement through capacitance probe tip timing.

To date, there has been one published cxample where the
performanee of capacitanee probes was compated to an optical
system’s performanee in tip timing measurement [8], That
report found that the optical system showed superior amplitude
resolution to the capacitance probe systent. This suggests that
optical tip timing systems can detect blade vibration amplitudes
more accurately than the capacitanee based svstem,

Worle has also been reported on specially designed
capacitance probe head peometry. with the aim of Improving,
the capacitance tip timing mecasurcment [9]. This design is
bascd on a multi-clement probe head to improve spatial
resolution. However, this type of probe head geometry is likely
10 have the disadvantage that it produccs signals with lower
signal to noise ratios than the signals produced with traditional
probe head geometry. This is a factor which s vital to optimisce
in order to maximise the aceuracy in timing measurcments, A
lack of compararive measurcment performance data prevents
any meaningful conclusions from being drawn thus tar from
this work.

Since the capacitance probe systent is already established as
the on-test-rig tip clcarance measurement system, if it can be
shown (or developedy to have a dual use in also adequately
measuring tip timing, then the need to also cngine-mount an
optical probe hased system would be negated.

This papcr goes on to report the measurement of blade
vibration using a commereially available capacitance probe
based tip clearance measurement system. Results ave presented
and measurcments are assessed against an independent strain
gauge basced blade vibration measurenient system.

2. On-Rotor Non-Vibrating Blade Tip Timing

A serics of on-rotor  capacitance  probe  tip  timing
experiments have been condueted prior to the commencement
of the on-rotor blade vibration measurement test programme
reported here. These tests established the eapacitance probe
svstem’s ability to time blade arrival using non-vibrating
blades. This work iy reported [n detail by Lawson and Ivey
(20103}, so will only b summarised hore to provide background
and context to the work presented in this paper [107,

Compressor rotor blade vibrations have been measured using
blade mounted strain paupes in conjunction with energising
signal amplification clectronics on the rotor. Vibration levels

were found to result in very small amplitudes of blade tip
deflections of not more than 20 microns. Henee, these tip
timing investigations are cssentially  performed on non-
vibrating bladcs.

The resolution with which the time of arrival of the blade can
be determined with the capacitance probe based tip clearance
svstem has been evaluated. This was done by mcasuring the
blade passing period over several consceutive revolutions. This
period was comparcd to the period measured by the optical
Once Per Revolution (OPRY sensor. The consisteney of these
measurements was asscssed at the compressor's designed
opcerating speed of 850 RPM.

The capacitance probe period was found to be consistent
within two microsceonds over the entire sample of data
collected.  This  represents  approximately 1 mm tip
displacement in the aforementioned test conditions. This is
within the expected crror bands., as assessed by Lawson (2003)
|11].

3. Test Equipment and Instrumentation
3 A Compressor Test Fucility

A full-sized, low-speed compressor test facility was
commigsioned  at  Cranficld  University’s  Gas  Turbing
Engincering  Laboratorics to provide a wehicle for the
cxperiment programme reported here. The facility is a one and
a half stage eompressor comprising Tnlet Guide Vane (IGV},
totor and stator stages. A 60 kW clectric motor drives the
compressor. The facility is elassificd as “low spoed” as ity 850
RPM designed operating speed and 1200 RPM maxinium
apeed arc approximately 10% of the speed of a typical moedern
industrial turbomachine.

The diamcter of the machine’s hub at the rotor is
approximately onc meter. The diameter of the flow passage is
1.2 meters. The flow passage is approximately five meters long.
The exhanst outlet arca is controlled by a back pressure valve,
which is operated nsing a small eleetric motor.

The compressor’s rotor is fitted with three times oversized
blades, This results in an operating airflow more represcentative
of the airflows found in high-speed cngines [12]. The blades
have thus been designed with future maching airtlow rescarch
in mind, rather than the blade tip timing measurement system
being rescarched in this project. The rotor 15 comprised of 79
blades, cach measuring 90 mm in the radial dircetion and a 59
mm chord from leading edge to trailing edge. They are cast in
L3241 aluminium alloy. The stator and [GY stapges cach contain
72 bladcs.

3.2 Capaciiance Probe Based Tip Clearance Measurement
Sysiem

The capacitance probe based syvstem being used in this
investigation to measure tip timing 1s commercially available as
a urbomachinety tip clearance measurement Sy sicnL

The RotaCap system supplied by Rotadata Ltd., Derby, UK
is an I'M capacitanee probe based tip elearancee measurenient
aystem, The system includes a mincral insulated capacitance
probe connceted to an oscillator module by a semi-ripid
stainloss-stoel sheathed tri-axial cable which is filled with
powdered mincral insulation. The oscillator module provides a
1} MHz frequency throughout the probe assembly, This



connects via an infercennceting cable 10 a demodulator unit.
The demodulator optimum operating bandwidth is 100 Hz to 70
kHz. The system ¢lectronics are calibrated by tuning the Phase
Tocked T.oop to the same frequency as the oscillator, This is
achicved by turning a serew on the demodulator unit.

4, Once Per Revolution Scnsor

An cssential tactor in using tip timing to measure blade
vibration is knowing the preecise rotational speed of the
compresser’s rotor, This is achicved through the design of an
aptical once per revolution sensor. In order o make this sensor
ag accurate as possible three areas must be conaidered, namely:
muechanical issues, optics and ¢leetronics.

Physically, the system used consists of a statically mounted
laser and recelver arrangement and a fin mounted on the rotor.
The fin cuts the laser heam onee per rotor revolution: hence
with the use of some clectronic circuitry a preeise RPM s
obtaincd.

To maximise the accuracy of the system it is desirable to cut
the laser beam as quickly as possible at any given rotor RPM
apeed. This will maximise the resolution with which the arrival
time of the fin at the lascr beam can be determined. To this cnd,
the fin is mounted radially as far out as possible, just below one
of the blade roots. Thus. the tangential fin velocity for any
given angular velocity is maximised.

Analogue recciver and  Schmitt trigger bascd  digitiser
circuits were designed and used to provide a digital OPR
passing signal. The optics and clectronics used are deseribed in
detail in Lawson (2003) | 11].

The overall uncertainty of the OPR scnsor timing is asscssced
in detail in Lawson (20033 [11]. It was found to be of the order
of. and no worse than 0.1 microseconds. This reprosents
approximately 3 microns tip deflection at a rotor speed of 830
RPM. This error level is expected to be at least an order of
magnitude lower than that of the timing measurements taken
from the capacitance probe system. thus a more preeise
definition of'the OPR crror is unneecssary for this application.

[t should be noted that the preeision optical OPR scnsor used
on the test rig here is unlikely to be practically applicable in a
developient engine. [t was used here in these tests as the most
accurate means by which to determine RPM, thus maximising
the accuracy by which the performance of the capacitance
probes tip timing measurements could be assessed. However, in
moving the proposcd capacitance probe tip elearanee and tip
timing system to application on a development engine, an
alternative method of determining RPM s likely to be required.
One method which could be sueccsstul is to use the eapacitance
probes themselves o also determine RPM. in a potential tri-use
arrangenient. By using a standard development engine non-
preeision QPR sensor 1o tripger cach revolution event, all the
blade passing signals from the capacitanee probes could be
used 1o caleulate the RPM.

5. Strain Gauge Blade Vibration Measurement
System

To provide an independent blade vibration measurement for
comparison with the proposed vibration measurement through
capacitance probe tip timing, blade mounted strain pauges are
used to derive blade tip defleetions. These instrumented blades,

when calibrated can provide a scparatc system to comparc the
capacitance probe tip timing against.

In Lawson and Tvey (2002) it was identificd that two strain
gauges per blade should be mounted to allow detection of the
first four modes of the blade’s vibration [13]. The Tocations and
orientations of the two gauges on the blade’s surface were also
determined through finite clement stress analvsis. Robust, high
performance strain gauges were chosen for the task. The gauges
are cncapsulated in glass-fibre reinforeed epoxy-phenolic resin
to protect them, The foil is 1,57 square millimetres, made from
Nickel-Chromium Alloy and of ¢lectrical resistance 350 Ohms.
The pauge positions are shown in Fig, L.

6. Strain Gauge Encrgising and Signal Amplification
Circuits

An clectronic eircuit was developed from first principles to
encrgise the blade mounted strain gauges and amplify the
resulting signal. The cireuit was designed with on-rotor
operation in mind although it was initially used in static off
roLor Lests,

On-rotor operation of the blade mounted strain panges
necessitates that the strain gauges” signals be passed through a
slip ring to route the signals to the data acquisition PC. The slip
ring introduces significant noisc to the strain gauge signals. In
order to greatly inercase the strain paupe signal to s¥stem noise
ratio, pre-slip ring (on-rotor) amplification of the strain signals
is uscd. Fig. 2 shows a block diagram of the circnit concept.
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7. Strain Gauge Signal to Tip Defleetion Calibration

In order to relate the changes in resistanee of the blade
mounted strain gauges to blade tip deflections, calibration tests
wore carried out at Rolls-Royee ple. During these tests the first
four modes of vibration of the compressor rotor blades and
quasi blades were investigated by mweasuring the natural
frequencies of vibration and capturing the mode shapes. The
quasi blade is a flat plate of 2 mm thickness with the same
length and breadth as the original compressor blade.

The blades were mounted on a V-block and cxcited on a
crystal exciter vibration table. The natural frequencies were
measured uwsing Electronic Speckle Paticrn Tnterferometry
(ESPT) and the results are shown in Table 1, Here the results are
also compared to the frequeneics obtained through FEA results
reported in Lawson (20033 [11].

Tablc 1
Measured and Simulated Blade Natural Frequeneies

LSP]
Mcasured Simulated
Mode I'requency Frequency Discrepancy
| 244 Hz. 243 Hz. 0.4%
2 736 Hz 740 Hz. 0.5%
3 1471 Hz. 1486 Hz. 1.0%

Holography was uscd to capturc the mode shapes of the
blades. Blade tip deflections were measured using an optical
svstem, while strain gauge signals were  simultaneously
capturcd. Defleetions were measured at three points on the
blade tip; at the leading edge, mid chord and at the wailing cdpce.
Thiswas done while exeiting cach blade and quasi bladce at cach
of the first four natural frequencics of vibration in turn.
Calibration factors were thus cstablished in terms of MPa/mm.
Chosen example calibration factors for the compressor rotor
blades and quasi blades arc presented in Table 2.

Tablc 2
Strain Gauge to Blade Tip Mid Chord Detlection Calibration
I"aclors

on Factor Frror

Vibration Modc 1:
Root Gauge 16.9 MPa‘mm 29%

Leading Edge Gauge 3.1 MPa‘'mm 33%

The crrors in the calibration factors arise from the signal to
noisc ratio of the strain signal generated during calibration and
the number of fringes visible in the LSPL images. For the blade
the ctrars arc high at around 30%, This is duc to the small strain
level present during calibration {24 microstrain} and the
aparsity of the fringes gencrated using ESPT. The low number
of fringes limits the accuracy with which the tip deflections can
be determined to during calibration. The low strain level results
in a low signal to noise ratio obtained during the calibration

process. Both of these effeets contribute to produce the large
crror bands associated with the blade calibration factors.

8. Experiment Method

A strain gauge instrumented quasi blade was mounted on the
compressor’s rotor and its vibration was measurcd using the
cleetronics and cquipment previously described. A low
stiffiiess blade was used to ensure sufficiently high levels of
vibration during testing. Blade vibration measurcmoent was also
performed through tip timing using two capacitance probes.
These probes were mounted on the compressor’s rotor ring at
wo of the five cireumferential positions available. The rotor
ting comprised a ring surrounding the rotor, forming part of the
compressor’s case. The probes were positioned to study blades
passing tixed eircumferential positions on the rotor casing. The
capacitance probes were positioned over the paths where the
mid-chord of the blade tips pass. The set-up is illustrated in Fig.
3.

Compressor rotor speed was measured using the optical QPR
sensor. The capacitance probe, OPR and strain pauge signals
were captured using data acquisition hardware and sottwarc.
Three PC's were used running three different hardware and
software combinations. Acquisition was synchronised using
the OPR sensors signal.

The time of OPR signal’s arrival was measured by digital
timer acquisition hardware and was taken as when the OPR
digitiser output crosscs the —2V level (gocs digital high). This
was clocked by the tinwer hardware at 80 MHz.

The precise rotor speed was measured using the optical OPR
aonsor. The distanee thar the instrumented blade travels from
the triggering of the OPR scnsor until deteetion of the blade by
the capacitanee probe could then be caleulated by measuring tip
timing. These distances were measured in the absence of blade
vibration. This value was then comparcd to the distance
measured when the blade was vibrating. The difference
between these distanecs is the instantancous blade tip vibration
displacement level. The concept is ilhastrated in Fip. 1.
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Fig. 3. On-Rotor Experiment Set-Up
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9. Experiment Results and Analysis
91, Strain Gauge Derived Blade Vibration Measweement

At the rotor speed of 938 RPM the instrumented blade was
obseryved to resonate in the first mode of vibration. This is the
expected result sinee the 16 engine order frequencey at this rotor
speed eoincides with the first natural trequency of the blade.
The souree of the 16 enging order is the 16 compressor intake
glruts.

The Power Specetral Density (PSD) plot of the root strain
gaugc signal shows that the frequency of vibration is 253 Hz as
illustrated in Fig. 5. This is in accountable agreement (within
1%} with the trequeney of the tirst mode of vibration reported
from simulations and from FESPI tests in Table 1. The
discrepancy is duc to on-rotor centrifupal stiffening cffect.
Spectrally, this is also true for the voltage trace from the leading
cdge mounted strain gauge.

Given this single frequency of vibration content of the
voltage signal. the tip displacements may be dircetly caleulated
from both strain signals. This is done by using the appropriate
strain level to tip deflection calibration values (see Table 25 and
cleetronic cireuit propertics in conjunction with Egn. (1) A full
derivation of Eqn. (17 is piven in Lawson and Ivey (20033 | 140,
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Tip displacement vibration level tracces have been derived
from the root strain pauge and leading cdge strain pauge
respectively by using the method deseribed in the preceding
paragraph. The amplitudes of tip deflection derived trom the
Two strain gauges are not in good agreement, being 1.5 mm and
0.9 mu respectively for the typical sample data presented here.
Howcver, this is consistent with the large errors associated with
the strain to tip detlection calibration valucs as explained in
Section 7.

The root mounted gauge consistently measures higher tip
defleetions than the leading edge mounted gauge. To mitipate
the large crrors, the average of the two tip detlections derived
is taken as the definitive strain derived tip  deflection.
Theretore, this results in a tip deflection amplitude of 1.2 mm
for the example data presented here. This is some 100 times the
vibration levels of the compressor rotor blades used for the
‘non-vibrating” tip timing tests reported in the previous
findings in T.awson and Tvey (2003) and suggests that the
capacitance probe bascd tip elearanee measurcment svstem will
be ahle o detect vibrations of this amplitude [10].
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Fig. 5. Root Strain Gauge Blade Vibration Signal PSD

9.2, Blade Vibration Measwrement Through Dual Capacitance
FProbe Tip Timing

The commereially available capacitance probe bascd tip
clearance measurement syatem’s ability to measure blade
vibration amplitude through tip timing has been asscssed. This
has been achieved by using two capacitance probes and
associated oscillator and demodulator clectronies.

Two capaeitance probes were positioned on the compressor
casc at differcnt  elrcumferential positions. Both  were
positioned protruding into the flow over the path at which the
mid chord positions on the blade’s tips pass.

The distance that the instrumented blade travels through
from the moment that the OPR sensor is triggercd until the tip
arrives at cach capacitance probe has been mcasured. This has
been done by timing the interval between the OPR sensor
trigpering and the blade’™s arrival at cach capacitance probe.
This timing, in conjunction with the preeise rotor RPM speed
mueasured vsing the OFR sensor, allows the distanec travelled
by the blade tip to be caleulated. Clearly, in the absence of



blade vibration. this distance is constant. However, with blade
vibration present, this distance will ditfer from the expected
distance duc to the blade tip displacement caused by blade
vibration. The concept is depieted graphically in Fig. 1.

Betore the tip deflection deteeted through tip timing can be
eatablished, it s first neeessary to measure, in the absenee of
vibration, the distance that the blade travels between the OPR
sensor triggering and the moment it is deteeted passing cach
capacitance probe.

This was achicved by using the blade mounted strain gauges
and associated clectronics o monitor blade vibration levels,
and conscquently derive blade tip deflections using the method
deseribed in the previous scetion, The blade’s distance
travelled is then measured using the capacitance probe at
several ditferent RPM specds where the blade vibration levels
arc very small.

The blade’s time of arrival at the capacitanee probe is
catablished using the constant voltage threshold method
deseribed In Lawson and Ivey (2003) |10]. This method
involves tinling the blade arrival by establishing the time index
when a threshold value on the leading odge of the signal is
crossed. Therefore, this method is only valid for a single blade
over a small RPM range. as is the case with the measurements
presented here. The instrumented blade was mounted such that
it was fractionally Tonger than the other blades, This simplificd
post processing of the capacitance probe signals sinee the
instrumented blade then produced a higher signal Tevel when
passing the capacitance probe than the other blades. This made
it casy to distinguish from the other 78 blades when processing,
the data gathered from the capacitance probe signals. In real
engine testing this method would not be possible sinee all the
blades are more or less the same length. Consequently. more
sophisticated post proecssing would be required.

FORTRAN programs were used to cstablish the blade
passing times by retricving the time index when the chosen
constant voltage threshold is crossed. This threshold voltage
was chosen on the rising odge of the blade passing signal,
where there is a high rate of voltage change, This is the method
of determining time of arrival of the blade at the capacitance
probe found to he most accurate from the investigations in
Lawson and Ivey (2003) | 10].

[11 these vibrating blade tests the additional threshold criteria
was used to ensurce that only the instrumented blade passing
signal peaks above this threshold voltage valuc. In this way the
time of arrival determination of the blade of interest was casily
automated. thus preatly speeding up the data analysis process.

Fig. 6 illustrates the OPR tripgering to capacitance probe
blade detection  distances  caleulated by averaging
measurements over several revolutions at scveral different
votor RPM speeds. The distanee is not constant over the speed
range, cven at blade non-vibrating conditions. There s a clear
end of decreasing distance measured with increasing rotor
RPM specd. This is to be expected and is due to the use of the
constant voltage thresheld methoed used to determine time of
arrival. Since signal strenpth inereases with frequency, then as
rotor RPM inercases the blade passing signal pealks get higher.
Thus the measurcd distance hecomes shorter as RPM increases.
The mcasured distance can be scen to deerease by (.15 mm
over the speed range 775 RPM o 1030 RPM. The error bars on
the trace in Fig. 6 represent the uncertainty in the distance
meagured. This ¢rror is dominated by the small vibration levels
actually present when caleulating the distance in the “non-
vibrating® condition.
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With these di ; . -
blade resonant condition rotor specd of 938 RPM can bhe
interpolated. This non-vibrating distance must be interpolated
since it cannot be measured dircetly at 938 RPM due to the
large vibration amplitudes present. In the test case shown in
Fig. 6 this corresponds to 397.65 mm. The actual measured
distance at 938 RPM, in the prescnee of blade vibration is
39725 mm. This s also illustrated in Fig. 6. Thus, a blade tip
deflection of -0.1 mm is inferred.

Fig. 6 and Fig. 7 show these distances as measured through
1ip tinling at capacitance probes one and two respectively. Both
of these tipures show the distances measurcd in cases where the
blade is not vibrating. The measured distanec in the presence of
blade vibration is also shown, The difference between these
two values represents the blade tip deflection measured through
tip timing. Tn the example data illustrated in Fig, 6 and Fig, 7
this ean be scen to be -4 mm at capacitance probe number one
and —0.6 mm at capacitance probe number two.

The distance between the two capacitance probes has also
been measured using tip timing in conjunction with the precise
rotor RPM speed measured by the optical OPR sensor. Fig. &
shows the expected non-vibrating blade condition distanee to
be 481 mm ar 938 RPM. The actual physical scparation
between the capacitance probe mountings is 48.0 mm. As well
as the machining tolerances. discrepancics between  the
distance measured using tip timing and the actual distanee stem
from capacitance probe clearance sctting ditfercnces. Small
differences in the clearance setting between cach probe mean
that different peak voltages will be produced when the
instrumented blade passes. This fact, in conjunction with the
samge constant arbitrary threshold voltage value being used to
determine blade time of arrival at both of the probes, causes an
absolute distance crror, Therefore, this distance measurement is
maoatusetul as a relative one, used to compare with the distance
measurement in the presence of blade vibration. This does not
have a detrimental effect on the tip timing measurements, sinee
measurements are relative ones, and as such consistency is the
important factor.

Fig. 8 shows a measured distance of 47.0 mm in the prescuce
of blade vibration. Thus indicating that the blade has travelled
L.l mm in its vibration cyele between detections by the two
capacitance probes (for exanple from -0.5 mm to —0.6 mm).
This measurement. in conjunction with the times of arrival at
both capacitance probes can then be used to caleulate the blade
tip vibration amplitude.

This amplitude is calculated by curve-fitting the two
instantancous hlade vibration magnitudes measured through tip
timing to the vibration evele sine wave. The frequency of
vibration is obtained from spectral analysis of the strain gauge
derived signals. Henee, the amplitude of vibration can be
calculated through tip tinming.

Example data for the vibration measured through tip timing
are shown in Table 3 for six consceutive revolutions with the
compressor running, at 938 RPM. The tip deflection measured
at cach probe can be seen to change with cach revolution. This
indicates that the phase of the blade vibration sine wave is not
locked with rotor revolution.

Tablc 3
Dual Capacitance Probe Blade Tip Timing Vibration
Measuremenis

Distances in Millimetres Measured Through

Tip Timing
Tip Tip
Deflectionat  Deflectionat Vibration
Revolution  Cap. Probe 1 Cap. Probe 2 Amplitude
l 0.53 -0.55 0.94
2 (.38 -0.52 0.94
3 0.40 -0.69 0.94
4 (.29 -0.81 0.99
5 0.19 -0.85 0.97
6 0.04 -1.07 1.14
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Fig. 8. Blade Distance Travelled from Capacitance Probe 2 1o
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Fig. 9. Blade Tip Vibration Amplitudes

The overall vibration amplitude can be scen to be relatively
constant (within 13%). This is cxpeeted from cxpericnce
gained with the strain gauge derived blade tip detlections [ 11
Small drifts in rotor RPM speed that are present from one
revolution to the next, even when the rotor speed is set
‘constant” by the controller, result in changes in vibration
amplitudes over time.

The blade tip vibration amplitudes measured through dual
capacitance probe tip timing can be compared with those
determined from the blade mounted strain pauge signals. Fip. 9
shows the tip deflection amplitudes caleculated trom tip timing
and those calculated from the blade mounted strain gauges. The
crror bars in Fig. 9 show that the detlection measurement by tip
timing is morg accurate than the strain derived measurement,
The strain derived amplitude is the average value caleulated
from the two amplitudes derived from the two gauges. The
amplitudes of blade tip deflection are ploticd from the same
data sct presented in Table 3. The results can be scen to agree
within the caleulated crror bands., as illustrated in Fig. 9.

The discrepancy between the strain derived and tip timing
caleulated amplimdes can be scen to deercase as the strain
derived amplitude  deereases. In pencral, the amplitude
calenlated from tip timing is lower than that detived from the
strain gauges. The diserepaney reduces as the phase position on
the vibration evele that is deteeted by the tip timing approaches
a peak or tough. This is apparent from the example data
presented in Table 3. and was also present in other data sets
collected during the experimental programme. Thus, it can be
scch to be desirable to calculate vibration amplitudes from tip
timing over several rotor revolutions when using this timing
and amplitude calculation method. The highest of the

caleulated amplitudes from the data set will then be closest o
the strain derived amplitude measurement.

9.3, Vibrating Blude Tip Timing Results Error Anafvsiy

Several tactors contribute to the crror in determining the time
of arrival of the single instrumented compressor rotor blade.
There is a digitising error asseciated with the acquisition of the
capacitance probe and OPR signals. The noisc level present in
the capacitance probe signal is also a source of error, Therg isa
smiall error in the timing of the *non-vibrating” condition blade
cvents. This crror is associated with the small vibration levels
actually present af rotor speeds away from the resonant speed
of 938 RP’M.

The crror associated with the OPR signal is very small, as
reported [n Section 4. Therefore, this docs not contribute
significantly to the overall error in determining blade time of
arrival.

9.3. 1. Discretisation Frros

As with all analopue to digital (A/D) conversion processes,
diserctisation crrors arisc in the acquisition of the capacitance
probe and OPR sensor signals, The AT converters used in
these investigations are of 8-bit word length type. Therefore,
this corresponds to 256 discrete levels to which the volage
signal is diseretised. Analoguc inputs arc possible over the
range £3V; the voltage resolution is thus 410 mV per digital
level.

The time resolution is of course dependent on the sampling
frequency. The data acquisition hardware is limited by the
number of sample points it can hold in the on-board memory.
The sampling rate is also limited by the maximum clock speed
of the data acquisition hardware; namely 20 MHz.

During this sct of tests, sampling was carried out for onc
second at a sampling rate of one million samples per sccond.
This duration allowed several consceutive revolutions to be
capturcd at the running speeds at which the tests were carried
out. The resolution in time due to discretisation is therctore one
microsceond.

The rotor speeds of interest for the tip timing tests are those
at and around the rig’s designed operating apeed of 8530 RPM.L
At these speeds the rising edge of the capacitance probe’s
voltage signal has a relatively high rate of change, as shown in
Fig. 10. As a result the signal moves through several 40 mVy
disercte voltage levels from onc samplc to the next. Thus. the
voltage level discretisation is not the critical source of
uncertainty causcd by signal digitisation. Therefore, the critical
diserctisation effcet in terms of crror in time of arrival is that
determined by the sampling rate. Tn these tests this results inan
uncertainty in time of arrival of not mote than onc microsccond
per signal.

9.3.2 Error Dwe to Signal Noise

Significant levels of system noise arc present n the
commgrcially available capacitance probe based tip clearance
measurement cquipment. The noise signal present when the
compressor i3 running at 830 RPM iy illustrated in g, 11,
where noisc spikes of as high as £0.23V arc observed. This
signal has shown higher voltage noisce spikes than the noisc
trace when the compressor iz at rest. where the noisc spikes are
0,15V [n magnitde.
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The signal peaks during testing were 5 V. Therefore, this
represents a signal to neise ratio of 20:1 inherent with the
capacitance probe system.

01t i : ' : : ; The PSD of the capacitance probe signal shown in Tig. 12
illustrates that the noisc is fairly evenly distributed over the
spectrum. The blade passing frequency iz a elear peak in the
PSD. while the rest of the signal power is small and cvenly
apread across the speetrum, Theretore, the filtering out of this
noise is impractical. Treatment could be investipated using
more  complex  signal  processing  techniques,  such  as

07! autocorrclation. However, this is bevond the scope of this
f].f]iﬂ# : Gigs oo D560 investigation, which aims fo characterisc the capacitance
Time () probes response in terms of tip timing,

Clearly this system noise has detrimental implications for
consistently dotermining the time of arrival of the blade at the
capacitance probe’s fixed position on the compressor casc. A
higher signal to noise ratio would result in lower uncertainty in
the determination of the blade™s time of arrival. and
20 . : : : : : : : : conscquently morc accurate tip timing measurements.

[_. ~—1120 Hz = Blacde passing freguency An example of the entire rising cdge of the blade passing
1 signal at 850 RPM is shown in Fig. 16 This shows that small
localised peaks can be present on the rising edge due to signal
noise. This is clearly a potential source of crror in determining
the moment that the blade passes the capacitance probe by
using the tixed threshold voltage nicthod.

Fig. 11. Capacitance Probe Signal Noise at 850 RPM

70 : The tvpical blade passing signal rising edge illustrated in Fig.
10 shows that the rising cdge has a rate of chanpe of 20
microscconds per Volt. The tvpical noise level present in the
capacitance probe signal [s £0.1V . Typical crror due 1o this

_EDD 100 200 @00 400 S00 noisc level, bascd on capacitance probe signal rate of change is

Frequency (kHz) thus two micrasceonds. The crror associated with the optical
OPR sensor sipnal was very small, as described in Seetion 4.
Fig. 12, PSD of Capacitance Probe Blades Passing Signal Therctore, this docs not make a significant contribution to the

overall error in determining blade time of arrival.



The comparison between the tip deflections deterniined
through capacitance probe tip timing and the strain pauge
derived tip deflections have significant crrors associated with
them. The errors intip timing are illustrated by crror bars in Fig.
9. The crrors associated with the strain derived tip vibration
amplitudes are also represented by crror bars in the data set
shown in Fip. 9.

10. Conclusions

The work reported in this paper provides new insights into
the potential for a commercially  available  capacitance
displacemient transdueccr bascd turbomachinery bhlade tip
clearance  measurement  system’s use as a  tip timing
measurement system. This has been done by investigating the
ahility of the eclcarance measurcment system  with the
alternative acro-cngine tip tinling application in mind for the
cquipment.

Prcliminary on-rotor testing to cstablish the capacitance
probe tip ¢learance measurement syatem’s ability to time blade
arrival using a non-vibrating blade has been briefly reported.

Blade vibration measurement through capacitance probe tip
timing with a tip clearance meopsurement system has been
investigated using dual capacitance probe tip timing. This was
carricd out to measurc blade vibration amplitude with the use of
curve fitting.

Blade vibration was investigated using blade mounted strain
gauges, A low stiffhess quasi blade was mounted on the
compressor rotor, Tt was found that thizs blade could be
resonated in vibration mode one at & rotor speed of 938 RPM.
This is due to the 16 cngine order coinciding with the blade’s
first natural frequeney of vibration., Blade tip vibration
amplimdes of up to 1.2 mm were measurad.

The vibration was suceessfully  detected through  dual
capacitance probe tip timing. which was used to measure blade
vibration amplitude. This was done with the instrumented blade
vibrating in mode one. Two capacitance probes were mounted
over the blade tip mid chord paths at different circumferential
positions. Capacitance probe tip timing was used to mcasurc
instantancous tip defleetions at both eapacitance probes. The
frequeney of blade vibration was obtained trom  spectral
analvsis of the blade mounted strain gauges’ signals. This
frequeney  information was used in conjunction with the
measurcd capacitanee probe separation to curve it a sine wave
10 the two tip timing measurced tip deflections. [n this way the
blade tip deflection amplitude was calculated. This amplitude
was cotpared to the tip vibration amplitude caleulated from the
blade mounted strain gauge signals.

The vibration amplitudes measured through capacitance
probe tip timing agreed with those derived from the blade
mounted strain pauges within the associated crror bands. The
amplitude derived from tip timing was consistently lower than
that derived from the blade mounted strain gauges, The
discrepancy between the two derived amplitudes was tound to
deercase as the strain derived amplitude decrcased. This was
because the rate of change of the vibration magnitude was
lowest at the maxima and minima. Henee, ctrors in the timing
measurement resulted in amaller differences in amplimdes
calenlated at the vibration cvele™s maxima and minima than at
high rates of change peints on the vibration evele. The
disercpancy was also found to fall as the point in the vibration
evele detected by tip timing neared a sipnal maximum or a
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minimum. This ¢an he attributed to the fact thar the crror in the
strain derived deflection was dircetly  proportional to the
vibration amplitude, This was duc to the crror in the strain to tip
deflection calibration factor,

The crror in the amplitudes derived trom the independent tip
deflection measurcment syvstem using blade mounted strain
gauges was asscssed. The crrors associated with the strain to tip
detlection calibration tactors dominate this, and are reported in
Seetion 7. [n order to mitigate this crror the average of the tip
deflections derived from the two blade mounted strain ganges
was taken as the definitive strain derived tip detlection.

The unecrtainty in determining blade vibration levels
through tip fiming wag also asscssed. and found to be around
wo nierosceonds in the non-vibrating blade tip timing tests
reported in Scetion 9.3, This wanslates to a tip detlection
uncertainty of approximately 0.12 mm for the vibrating blade
1ests conducted at 938 RPM.

Leading optical tip timing systems claim they can measurce
blade vibrations down to amplitudes of the order of 0.05 mm.
These svstems can be considered usctully  applicable on
development cngings. Therefore, the uncertainty shown in the
capacitance probe tip timing results presented here should be
sought to be reduced before application of this svstem is
considered on a development cnginc.

Further wseful work could involve comparative tests in
vibration measurcments through tip timing using both an
optical systcm and the capacitance probe bascd system used
here. Further to this, the performance in tip timing of a
capacitance probe based system with superior signal to noise
ratio could be investipated.
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