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ABHSTRACT

The expleoitation of differsnt unstsadvy gquanti-=
tv  measurements for identifving wvarious blade
faults is examinsd In this papsr. [Measurements of
sounc emission, casing vibration., shaft displace-
ment and udnsteady Inner wall pressure are consider—
ad. It i3 demonstrated thet particular measure—
ments are sepsitive to specific faults. The suit-
abifityv of messuring each of the above phwsical
quantities for tracing the existence of each kind
of favli is discussed. The advantage of combining
diffarsnt measurements eriginatss from the possibi-
ltwy cf extending the fault repertory covered when
oty ore particular gquantity s considered . The
défa analwvsizs technigues emploved range Ifrom con—
venticnal signel processing to the derivation of
Acoustie images of the engine outer surface. Rela-
Live features of =sach technigue. as to their effec—
tivegess aend level of intrusivity, are discussed.

Lo INTRODUCTION

Jurrent needs for efficient and reliable
operation of Gas Turbiae power plants have resulted
in the repid growth of Condition Monitoring Techni-
ques. Techniquoes besed upon wibration measuremsnts

have found 2 wide application, becauss of their

Capability to identiiv various mechanica: faults,

4 desirable feature of Monitoring Technigues
is their capzbility ol not only determining gross
fpts. but  faulls of mwinor ertent ac well. Some
minor faults do net prebabiy disturdb engine apera-—
tHon sindficantd but thev ran be the precursors
of catastrophic  failures. Blade damage of turbo-
Tachinery ecnoponents  represent s fault of this
taragary. Blades are amn 2 the most sensitive com-—
Punants ar an =nyine becasuse of their high strgsses
ang rotational veiocities. A slightlv damaged biade
does not influence engine averall performance, but
It can regult in major damage iF the Fault graws
5o that the hlade (s Jost Blade problems are for
Hifv resson wel! recognlaed  for being responsible
for ithe highes! percentage of engine faiflures, as

for esrvample discussed by Simmans and  Smaliey
(1989, and Lifson et al, (1990.

Another Imporiant feature & Monlioring Techni
gque should possess, is the capatility of identify-
ing different Rkinds of faults with high reliabili-
tv and minimum false alarm retes. But the mair
probiem is that the diagnosiic performance of a
transducer can vary highly for different fault
caiegories,as hes been stressed by Lifsivs et
alf1986). Thev recommend that the vibration trans-
ducer selection should be according to the Rind of
faults we are interested in. The use of more than
ane indicator to identify o number of defects may
be therefore beneficial, due to the difrferert =sepns—
itivity of each Indicator to sach peariizulaczfaw!t,
as discussed by Baines (1987}

Aspects related to the above mentioned Featu-
res are addressed in the pre_snt reper Various
ynsteady gquaniily measuremenls. pemelvy internal
acrodynamic pressuns, casing vibration, souvad and
shaft displacement have been acguired from ean in=
dustrial Gas Turbine operating with dirfferent
situations of fawlty blades. Processing thess dats
leads to the derivation of "fauwll signaturcs” which
zan be wtilized for their identification., The rels=
tive merits of using each kind of measuremernts ars
discussed with respect to their sene:fivicy to
particular faults and therefore their suitebilify
for detecting them. It is also shown thet by apply-
ing advanced processing of the data, the diagnosis
can reach & mgh detai! a=s o the kind and jocation
of 2 blade fault. This refers in particular te the
technigue applied on  acoustic  fie=ld  dats, pamed
Acoustic Imeging, -ea: will be discussed in the
corresponding seclion.

2 FXPERIMENTAL SET-UPMEASUREMENT AND PROCESSING
TECHNIQUES

The present investigation waf based upon
measurement: on an Industrial Gas Turbine into
which different fawplts were introduces. The test
engine was the RUSTON'S TOLNAD,  described by
Wood{I%81), Charchedi and Wood (15832 Msasurements

Froganigd at the InegrAztional Gas Tufting 308 A4rconging Longrogs and Expositsn
Ortancs, FL Junes 5=0 12491
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were nhtained at  nominal speed (11085 rpm) and
100%, 755,505 and 25% load. Al results presented
in the following figures correspond to 100 per
cent  Joad, unless stated otherwise, but the
cornclusions have been drawn from the whole amount
of data.

During the experimental campaign four categor=-
ies of measurements were performed sioellanecusiy:
a — unsteady internal wall pressure,  with Ruiite

tyvpe fast response transducers (Fl to PS5 on

figure—l}
b = casing vibration, with accelerometers mounted
at the outside compressor casing (Al to A6 on

figure—1)

¢ — sharft displacement at compressor bearings,
with a Bently Nevada svstem.

d — sound pressure Jewels,  with douvble=laver

microphones (similar to usuval acoustic inteps—
ity probes) arranged on & circular rig, as
shown in figure I.
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MEURE 1. Schematic af instrument Jav—out upon and
around the compressor.

A schematic of the instrument placement is
shown in  figure 1. Internal pressure and casing
acceleration measuremenis were acquired dccording
ta the description of Mathioudakis et al (1989%a,
1990). The eircular rip has 15 microphone pairs
placed 2t eguispaced amgular positions. It was
moved =& ten positions along the Eagine axis, and
at each one of them rotated &t ten eguispaced cir=
cumferencial positions, so that dates from 130 cir—
cumlferantiial  locations  were  {akun, Measurements
were taken with a Data Acguisition Svstem with a 32
cliannel, 940 Khr sampling rate capability,

Certain compresser blades were modified as
showr, schematically on figure 2 in order to simu—
late a number of realistic engine faults, according
te the manufacturer's experience. Fiwve expariments
were performed  ftesting the healthy engine datum
and engines with the following four fanltc:

Fault-g. Reter fouwling: All stage=7 rotor bilades
Ware coated with textured paint in order te roughen

S

\
AvEaav

L

\

\

\

s

NN
O Y

i1.Rotor2 2.Rotor1 3.Rotori 4. Stator
fouled 2 blades 1 blads 2 wvanes
painted lwinted mistuned

FIGURE 2 Schematic of investigated compressor
faults,

blade surface and altsr their contour,in order to
simulate a fault of all the blades of only ope
rotor.

Fault=2. Individual rotor blade fouling; Two
biades of stage—] rotor separated by five intact
blades, were coated by terxtured peint in order to
simufate a slight individual rotor blade fawlt.
Faujt-3. Individual roter blede twisted [ 4
singple blade of stage—! rotor was twisted § degrees
approximately in  order to simulate & severe rotor
blade rauit.

Fawlt—+. Flator blade restaggering. Two stage—]
stator blades were mistuned in ordec to simulate a
stator fault.

All subsaguent numbersd refsrences fo  faults in
the rellowing text will correspond to the above
classificacion.

The oblained measurements were divided in two
Froupg: (i}The internal pressure, vibration, shaft
displacement and one fived location sound measure—
merrts. They will be referred to as peint measure—
ments and data from them were analyvzed with Spectr=
a!  oriented wethods, ([i)The doubkle microphone
array megsurementis. They will he relerred  to ac
acoustic field measurements, and their dats wers
processed with spectral, cepstral and near fiajd
acoustic  images techniques. Description of Fault
diagnosis possibilities for each group of measurc-
ments follows:

3. POINT MEASUREMENTS

3! Internal Unsteady Pressure Measurcments

The suitability ol iaternal unsteady pressure
megagurements for  bklade foult ddentification has
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In the present paper a few additional data

will be presented which complete the picture about
pDrassure transducer capabilities, accompanying the
properties af other instruments,

Phase averaged

pressure time

traces and the

corresponding power specira from the transducer of

rotor=1 are shown in

Figura=3,
a marked difference can be seen onlv for

Or the time traces
the case

that clearly wvisible changes can be observed only
for the transducer facing the rotor with the faulty

blades. More details about the fault identification
from dats captured on such a rotoer have been
discussed in & previous work (Mathioudakis et al
19900,

3.2 Accelercwmeter Measurements

The signals of accelerometers located on the
outer surface of the casing according to figure I,
are influenced not only by the closest compressor
stage, but alse by a number of neighbouring ones
{Mathioudakis et al,l9§%a) S50 a rotating or sta-

tionary blading fawlt of a specific stage is
expected to be sensed to & certain degree by all
accelerometers.

The phase—averaged time domain signal of

accelerometar Al, which is Jecated in front of the
First stage rotor, is shown in fig.5a for the five
experiments. It can be noticed that al! four faults
cause certain differentiations mainly to the peaks
and wvalleys of the signal. Specifically for Fault-
&, which causes the highest differentiation, an
increase of the signal ampiitude can  be observed.
The corresponding spectra of accelerometer Al are
depicted on figure 5b for the 5 experiments. Again
it can be noticed that all the four faults produce
differentiations to the ampiitude of the spectrum
at various freguencies, mainly at the hermonics eof
the shaft rotating Creguency.  Alse Fault=4 causes
a significant Increase to the first roter blade
passing freguency.
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neighboring stage. The highest differentiation is



raused by Fault=4,
pary blading, Decause of its machanical econnection
te the casing. o
Therefores, the accelerometers are sensibtive
ta stationary blading faults, hut also show some
jower sensitivity to rofating blade rfawlts of

axially neighboring rotars
\JW#L (RS lw#l-«'»
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tests: a.time traces b.spectra.

Tor all

3.3 Shart Displacement Measurements

The shaft
domain signals, measured at
ings, are shown in  Ffig.7a for the 5 experiments,
while in T[ig.¥b one ean see the corresponding
spectra. From these Two Lfigures It can be conciuded
that the healthy signal 1s close to a sinusoid
with the shaft rotating f[reguency., and that the
contribution of higher harmonics 1Is much lower
toan thne fundamentel. The thres rotor blade fauits

displacement phase=averaged time

the compressor bear—

do not seem to produce any differepntiation to the
signeal, while the stationary blading fault produces

a small alteration, which can be sabsarved in both

timz and rrequency demein. This Is due to the

m anfeal connection between the stationary blad-

i the compressor casing and the Inlet section
e the bearing housing Is located.

It can be statec, conclusively, that the shaft
displacemant signal is not noticeably affected bwv
the rotating blade faults, 4nd shows a small sensi=
tivity to the stator blading fault.

3.4 Single Microphone Measurements

Time traces and spectra from a single micro=
chone are shown In figure 8. Both time traces and
spectra show a distinct change for fault=4. It is
nhaerved that the spectrum exhihits a characteris—
tic form  developing & significant inecrease around
the rotational harmonic of the Ffirst rotor. This
is Indicating that measurement by one single micro—
phone can  provide & clearly wvisible signature of
stator faults.

This measurement cannot however provide an
indication about the actual circumferential loca—
[ion af the fauwlt, namely the angular lacation of
tiwe mistuned stationary blade. This is achieved by
Lthe derivation of acoustic images of the compressor
oupter casing as discussed in sectien 5
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FIGURE 8. Microphone signals for all tests: a.time
traces b.spectra.

&, DIFFERENCE FPATTERNS

From the measurement results presented above,
it can be stated that the fault diagnosis could be
based upon the inspection of the signals. In some
cases clearly visible alterations were noticed,
but in many other cases there are differences which
are minar and not well organized. For
the power specira [rom
ware further processed In order to extract more
information about differences cavsed by implanted
faults., The difference patternm of esach fauwlt, being
an expression of its  zignature, was estimated by
calculating the difference of the amplitude logari-
thms af spectra from intact and fauwlty machines.
The following paragraphs describe part of an effort
under way to classify the fault signatures and
lays the foundetions for a fault detection system.

The  difference patterns of the  unsteady
pressure transducer 2 facing stage-] rotor, produc-
ed by the 4 faults are shown in fig.9a. It can be
observed that the difference patterns of faulls 2
and 3, arc of high magnitude. fhese  Iwo pallerns

this reason
the wvarious instruments

o
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fawve their highest values at the rotational har-
monics. O the other hand even for the faults I
end 4, which produce, as observed in secticn J.J,
lower and npet very clear differentiations, one can
s=2¢ that lower magnitude difference patlserns are
formed, Ancother usefu! remark  is that  the four
difference patterns hewve different forms. Therefors
the capability of distinguishing betwsen  the
faults, from the corresponding difference patterns
exists.
From Ffig.%h it can be stated that lower ampli-

» difference patterns are produced by the four

t5 an the dats of pressure transducer 4 facing
cage=3 roter.

The same procsdure was repeated for the other

instruments ag well. The rfour difference patterns

of the accelercmeter ! al stege 2 are shown in
figure 10a, Mere, Fault=s produces the highest
magnitude difference patierns, in agreement with

section 3.2 The 4 difference
farmproviding the capability of distinguishing
hetween faults. The same trend was found when ex—
awining the rest of the esccelerometers mounted on
the compreossar casing.

Finally referring te the single microphone
signal, the four difference patierns are shown in
figure 10k, Faults 3 and 4 correspond to higher
magnitude pattarns, The difference pattern of
Fault—4 has a very high pesk of the blade passing
frequency  of rotor, in egresment with section
Jod The chservation that the 4 pailterns differ
from esach other substantially, holds tor the single
micropfione o well,

The same patterns were
shart displacemsst signal. They
low magnitude, except the one of

patiterns wary in

calculated for the
all were of very
Fault=4 at the
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FIGURE 10. Difference patterns for all faults

from: a.accelerometer (AL} b.microphone.

blade passing freguepcy of the first rotor where
there is a peak, in agreement with section 3.3

Erom the differsnce patterns which have been
evaminad it can be stated that they are very sensi-
tive te the differentiations caused by the various

faults. For some cases of instruments, high and
clearly visible spectra alterations have, been
ohbserved, but for other cases of Jower and less

clear ones.

The calculation of difference patterns have
shown that they exhibit twe properties which make
them suitabie as fault sigmatures:

(2] for each instrument, different rauvits producs
different patterns

(b] the nattern of each fault is repeatabie for
different tests at different engine loads. The
data backing this second conclusion are not presen—
ted in this paper, due to space Imitations but
similer data have be=n presented by Mathicudakis
et al (19305

The above two properties indicate that spectral
difference patterns are a us:ful tool for the ana-
lwsis of the differentiztion caused to various
instruments signals by ~visting faults, and also
for the implementation ¢i a diggmostic system for
blading faults.

& ACOUSTIC FIELDS PROCESSING

4 second class of methods considered here for
producing diagnestic information are methods based
o the double microphone scanning data. Such a
techrigus is the Acoustic Imaging Technidgue, des—
cribec by Wetta et al (1984)

The main advantage offered by processing the
araustic  Field measurements will  the pearfield



acoustic imaging technigues, is to minimizel

i} The inflvence of other sound sources in the
vigcinity of the engine

if)The influence of reflected and scattered sound
by surrounding surfaces.

These prohlems are erpocted to exist i an industr-
ial environment, ead can lead to wrong conclusions
if they are not dealt with.

Another ability or these technigues
(Gavdriot,l,et al, I1980; Maynerd.iD..et =, 1785
iz the determination of the sound sources Jocation
from the nearfield acouste measurements. This
capability is very useful from the diagmostic peint
of view, because it can provide additional informa-—
tion on the locstion of the fawlt, which cannmot be
derived from the #ime and freguency domain analysis
af point measurements.

The resplis of the technigue cao be used to
elaborate discriminant functiops, sensitive fo the
investigated feaults, as described by Wetta (19901
Three types of Jdiscriminen: function analyzing
various patterns ore adopted.
al A spectral discrimipant function, defined as
the total acoustic power [FPol(fy whick is radiated
b~ a given part of the gas turbine (e.g. compressor

ponsat in our casel It is obtained by spatial

egration of the normal component of the intens-
ity vector on the whole dovble=layer cylindrical
array of microphones ,which surrounds the comproess—
or casing.
bl A pssudo-temporal discriminant funection, named
acoustic power Cepstrum function Cel(r) which is
obtained by jnverse Fourier iransform of the logar-
ithm of the previously defined acoustic power
specirum:

Celr} = F-1 [Pa(2].

This kind of processing
acoustic emergy emitted by the compressor compo—
nent, allows to exhibit more accurately (with a
high signal/noise ratia) the erfect of a pericdic
fault.
=) A epatial discrimipant fL.'ﬂq_t_fﬂ . defined as
the acoustic pressure distribution on the compress—
or casing. It is determined by processing the
acoustic field measprements from the acoustic array
bv the dcoustic Imaging Seckpropagation methods
(Watta et Al 1989) » .This allows to obtainm at a
~Tanp frequency [ ¢ spatial signature close to the

sees mechanisms  in order te precisely localize
1em, as well as to determine the nature of sources
fields on the casing (e.g. ertended waves, localiz-
ed sources)

applied on the total

When applied to the RUSTON'S TORNADD and for

the varicus Investigated blade fault configura-
tions, the above processing has led to The resuits
presented in the following sections:

5! Acoustic Power Spectrum Calculations (spectral
paiierns)

The maost characteristic pattern 1s obtained
for Fault—4 ,whose spectrum is shown In fig.ll. We
can netice, comparing with the corresponding
healthy spectrum, +{hat the peak around the rota=-
tional harmonic no 19 (3510Hz blade passing fre—
guency of rotor stage being just upstream to the
faultyv stator stagel becomes wider. There Is also
a4 great increase (+dB) of the rotatienal barmwonic
nd FTO(GSMWHz: biode  possing fregquency of cotor
stage heing _just downstream the faulty stator
StagelL
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FIGURE II. Acoustic Power Specrum for: a. ‘heslthy’

engine b, faull-4&

Spectral patterns obtained for rotor faults
1,23 (not shown here) do not exhibit great speci-
Ffic variations of the peaks, Generally speaking,
veriaticns are very small (+2dB) and distribuoted
aver the whole set of multiple harmonics.

52 Acoustic Power Cepstrum Lalculations (pseudo—
temporal patteroas)

Examination of acoustic power Ceopstrum indi-
cates that.in general, high Ceps.ral wvalues are
abhtained for the periods
T=IT, 2T, 3T,4T wilh T=
seen in figure 12 for
blade.

The observed variations forr T = IT with re-
spect to the corresponding value on  the reference
Cepstrum  (healthy condition) are the following:
+15.7% for Fawlt-! , +8.9% for the Fauwlt=I,
+568.35% for the Fault=3 and #8.15% for the Fauli-
4. Theooo alterations are then 2ignificant ,¢ven
for rotor Ffaelts, taking into account the stability
values that characterizes a healthy

peciod of rotation as can
the case of the twisted

of cepstra
eagine,
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FIGURE 12 Acoustic FPower Cepstrum for fault-3

3  Backpropagated Images (spatial patterns)

The maost Interesting spatial patterns are
again obiained for the stator fayit and more parti-
culariy for harmonics no I9 and
no I7 (first and second blade passing fraguencies)

Specifically fer the stator fault and harmonic
ne 1%, the array imege,corresponding to the acous—

tic pressure distribution on the measurements
cylindrical surface.is shown in  Ffig.ld The back—

propagated image. corresponding  te the acoustic
pressure distribution on the compressor casing.is
shown in [ig.l3b It exhibits high wvelues of Acous—
tic pressure ,which are wvery well circumferentially
jocalized , and correspond exactly to the angular
positions of the mistuned vanes af statar l.There-
fore this technigue enables the detection of the
circumferential position of the mistunmed blades
Concerning spatial acousiic patterns obtained
Ffar the rotor faults, no significant or clear
variations can however be observed for any studied
harmenic.
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G- CONCLUSIONS

A comparative study of the possibility to
derect the presence of blade faujts in & Gas Tur-
hise compressor by expleiting  various unsteady
gquantities’ measurements has been presented.t was

found that different instruments and measurements
are more suftable than athers for each particular
fault.

Fer the spectral eoriented foult detection

instruments mounted on

technigues concerning the
the following

the engipe and a single microphons,

conelusions can be drawn:

- rotor blade faults are best identifiable
by a pressure transducer facing the rotor

= pressure transducers located at neighbor-
ing rotors also sense & differentiation,
but the patterns are noi as clearly id-
entifiable hy wvisual! inspecticn

- accalerometers sense a differemtistion,
the magnitude of which depends on the
location of accelerometer on the casing.

The differentiation patterns exhibit
les. well organized form than the press-
yre transducer on the corresponding rotor

- no visually ohservable changes on shaft
displacement measurement results  were
remarsed.

- stator blade faujts produced a distinct sign-
srure both on accelerometer and & single
microphone measurement cesults
Three major fsatures of accustic imaging tech—

nigues lead to the follawing conclusions:

- Acgustic Power Cepstrum  calculations allow
the detection of the presence of a blade
fault, both roter and stator ones

- Acoustic power Specirum cajculations allow
the diagnosis of @ stator fault, as weall to
Jocalize it axially, in the evrent that the
pfferts are observed on blade passing [reguen—
cies af a stage.

- Backpropagaled imaging
of & stator fault as well as the precise
localization of the anguler positionst ol the
faulty wanes. It is expected in the future to
adapt this backpropagation technigue to the
analysis of moving sources, which will lead
to the capability of localizing rotor faults
as well.

allows the diagnosis
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