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ABSTRACT

Engine-ordor sampling was used to eliminate the
integral harmonics from the flutter spectya corre-
sponding to a casc-mounted static pressure trana=
ducer, Using tlo opticn)l displacoment data, ir was
demonstrated thet the blade-order sampling of pregsure
daca may yiold erronoous rasults due to the inter-
ference caused by blade vibration. Two methods are
presented which effectively eliminate this inter~
ference yielding the blade-pressure-difforance spec=
tra. The phase diffaoronce between the difforential-
pressure and the displacement spectra was evaluateds
NOMENCLATURE
A amplitude
D displacement in time units or in IE periods, E-1
d  displacement (em), d = DU (Fig. 1)
E angine ordar
j  imaginary unit
n  number of points for aspectral analysis
N  nodal diameter
P unstcady pressure
P steady-state pressure
r radial coordinate (Fig, 1)
T  pampling period
t  time
U wheel speed
@ stagger angle (Fig. 1)
¢ fraccion defiped in equation (9)
A9 apgular deformation (Fig, 1}
¢ angular coordinate in rotating frame of rese 2uce
®, ¢ £fob blade 1
¢ phase angle, equation (2)
¥ phase angle, equations (7) and (8)

w circular frequency

.2

Subscripts:

£ fiuttey

i corresponds to i'th vodal diameter
L lefe

P presgure

R right

r rotational
Supergcriptat

D displacement
P pressure
INTRODUCTION

The use of stationary displacement sensors and
higheresponse aerodynamic inatrumentatior for the tur-
bomachinery fluttor investigation was vecently docu=
mented [1,2). The aerodynamic instrumentation in-
cluded a blade=wake velocity transducer and case-
mounted static pressure transducers, while the dis=
placement instrumentation consisted of two fibre-
optics probes that sensed the light reflected from
the rotor blade tips.

The advantages of stationary sensors over
roetor=mounted sensors were demonstrated in tliese
references particularly well due to the mistuned
character of flutter. While 4 stationary sensor
geans all the blades at a given position, a rotor
mounted sensor performs a point-measurement only for
one blade. Large variations in blade to blade
vibratory amplitude and phase ware reported Lrom
these weasurcments.

Another advantage of these sensors is derived
from the fact that the phase difference between
blades in the rotating frame of reference tyanslates
into a frequenecy shift in the stationary reference
frame. Thus, the presence of suveral acrodynamic
modes corresponding to different interblade phase
angles is evidenced in a spectrum of a gtationary
sengor as the prasence of several frequencies. Ex-
pragsed in engine orders, these frequancies are eas~
ily identifiable because of the common non-
integrality.

Whilz the pressure and the displacement sensors
are similar in regard to these propertics, it may be
noted that the pressure sensors yield a continuous
signal whereas the displacement measurement is essen~
tially diserete. Because of the continuity property,
the spectral analysis of the pressure data is more
difficult. The method presented in [2] is only ade-
quate in the region where spatial unsteady prassure
gradients are small, typically at midchord position.
At the leading edge, however, lavge spatial variatiom
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in amplitude and phase occurs within the blade pas=
sage {3], implying a wide frequency bandwidth of the
stationary prospure signals Transformation £rom a
stationary into a rotating frame of reference suych as
described in {2] becomes then iwmpractical,

This paper deseribes the alternate sampling and
analyses tochniques designed to eliminate the shorte
coming of the provious procedures The pressure in
cach blade papsage io sampled at the same position
velative to the equilibrium blade position, as in [2]
for the discrete blado displacement signals. This
avoids the superposition involved in tho transforma=
tion into 8 rotating frame of roeference, but intro-
duces another difficulty associated with the fact
that blades are vibrating and not srill.

To deal with this problem two schemes are pre-
sented which result in blade-y :ssure-difference
spectra. One scheme relies on .ne differential=
pressure sampling in the steepveressure-gradient re-
gion of the blade passage, and the other relies on
the sampling in the two ad jacent regions where the
gradients arc very small,

The paper also includes the optical displacement
data at two chordwise posirions. These data ware
sutficient to define the motion at the blade leading
edge. Phasing of the blade-pressure~difference spec-
tra and the displacement spectra at the leading edge
indicated to which extent cach nodal diameter compo=
nent is contributing to the instability.

In addition to the above blade~passage (or blade-
order) sampling, the paper includes a discussion of
engine~order sampling in conjunction with its appli~
cability for the on-line flutter detection,

The detailed documentation of the test condi-~
tions, the flutter boundaries, and the flow condi-
tiona in the relative frame of reference is available
in [4). The test point discussed in this report is
125,

EXPERIMENTAL MEASUREMENTS

The location of the instrumentation ports for the
two types of measuremants analyzed in this paper is
illustrated in Fig. 1. The blade position in this
figure includes incremental changes caused by load
and speed which were estimated from manufacturer's
data. Static pressures at other chordwise positions
were also available; however, the leading edge trans-
ducer illustrates best the sampling and analyses
techniques described in this paper.

The displacement data were recorded on a multi-
channel direct-record type tape recorder at 304.8
em/s (120 in/s). Another FM tape was then generated
by replaying the original tape at 7.62 em/s (30 in/s)
and recording the data at 304.8 em/s (120 in/s). The
frequency bandwidths were 2 MHz on the direct-record
and 80 KHz on the FM. The direct-record method was
used for the original data recording in order to
avoid the frequency limitation encountered on the FM
recorder. The pressure data, however, were recorded
directly on the F¥ recorder.

Subsequent dsta processing was performed on a
software-based Fast Fourier Transform (FFT) analyzer
equipped with dual magnetic dise drives. The mag-
netic discs were used for storage and subsequent re-
processing of digital data. This capability essen-
tially eliminated the need for the large computer and
the central data processing facility which were used
in the previous [2] divplacement~data analysis. For
the pressure data, the nass data storage capability
enabled the implemei..ation of special sampling tech-~
niques. The effective digitizing rate was 2,09 MHz
for the displacement data and 1.31 MHz for the pres-
sure data. These rates were achieved by greatly re-
ducing the speed of the FM tapes on playback.
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ANALYSIS OF THE DISPLACEMENT DATA

As can p¢ sven in Fig, 1, instantancous blade~tip
position measurements were made at two chordwise
positions, 1Ia addition to these, two roference
pulses were recorded, the IE and the 38 pulse, which
corresponded to the blzge passing frericney. Those
reference signals were generated by two magnetic sen=
sors lucated orposite the approprlate triggers which
were mounied on the rotor shaft.

In [2) all four channels of data were digitized
simultancously and stored on magnetic tapes. The
displacements were obtained by measuring the posi-
tions of the trailing edge pulses relative to the
corresponding 385 reference pulses, The lE reference
pulse provided the orientation in the relative frame
of reference. Prior to the spectral analysis, the
displacements were referenced to theis rospective
averages in order to ¢liminate fluctuationg repulting
from blade spacing non~uniformitics.

In this paper the data were dipitized using the
FFT analyzer which was limited to two channela.
Digitized were either two of the three channcls com=-
prising the two optical data channels and the 38E
reference pulse. The LE reference pulse was used to
initialize the digitization and was not itself digi-
tized. It should be noted that either reference
pulse could be used to calculate the displacements,
The 38E reference pulse has been used due to better
signal quality. In other respects the analysis of
optical data was the same as in [2].

Figures 2, 3(a) and 3(b) present the overall
spectra corresponding to the trailing-cdge sensor vs
38E signal (relative to which the displacements were
cumputed), the midchord sensor vs 38E signal, and the
trailing edge sensor vs midchord sensor. A special
procedure was followed when these data were digitized
in order to assure that the data acquisition was ini-
tiated with the identical LE reference pulse. This
procedure will be discussed later in conjunction with
the phasing of pressure and displacement spectra.
Because the blades were sampled successively during
each revolution, the number of samples per revolution
was 38, and the highest detectable frequency was,
therefore, 19E. The number of data points used in
the spectral analysis was 2048, which approximately
corresponded to 53,9 revolutions. The flutter fre-
quency obtained independently from strain-gage data
was B.45E. (All available strain-gage data exhibited
the same flutter frequency,)

In Fig. 2 the frequencies corresponding to major
peaks are nonintegral by the same amount as the flut-~
ter frequency, i.e., 0,45E. The nodal diameters cor-
responding to this fraction can be obtained by sub-
tracting the flutter frequency in engine orders from
each frequency associated with this fraction, The
possible range for nodal diameters so obtained is -8
to 10. Beyond this range, the nodal diameters corre-
spond to aliased frequencies which are associated
with fraction 0.55E. The spectral peaks correspond-
ing to these frequencies are very small.

The phase angles corresponding to ma jor peaks
(i.e., corresponding to dominant frequency lines as-
sociated with ma jor peaks) in Figs. 2 and 3 are pre~
sented in Table 1. They were determined neglecting
the slight misalignment of the optical ports relative
to the blade chord (Fig. 1). Choosing the trailing~
edge sensor as the base, thiys correction would amount
to the addition of 11.7 degrees to the phase corre-
sponding to the midchord sensor. Because the ampli-
tudes corresponding to this sensor are considerably
smaller than for the trailing~edge sencor, the cor~
rection for the phase corresponding to Fig., 3(b), in
the last row of Table L would be considerably smaller,




Becauoe the phase angles corregwonding to a given
froquency ¥ fabde 1 are ¢lope to each othor, and the
spectra 1R Fipge # and 3 axe nearly scicilay, the
blade cation can be described as a yotation about a
aingle point.

Upirg Pigos 2 and 3, the approximation

w X0,
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and the geometry in Fage 1, the votational axin was
located at about 44 percent of chord from the leading
edge, It ig alov poosible to express the units in
Figs 2 in termo of angular deformations As noted in
vhig figure one unit corvepponds to 0,117 degrees.,

As in {2], the individueal blade spectra can be
obtained by arvanging sampled data in groups so thot
vach group includes successive samples from a partic=
ular blade only, Beeauso the sampling for cach blade
ig 1E, the rosulting speetra dre folded into the
rvange O to 1/28. Figure 4 prosents the flutter
amplitudes and phase angles for each blade as derived
from the trailing~edge sensor vs 38E pulse data core
responding to 64 revolutions. The phase angles were
referenced Lo blade one phase angle.

AWALYSIS OF THE PRESSURE DATA

Engine Order Sampling

The preosure data discussed in this paper are
dorived from a single portion of the tape which was
digitized and stored on two magnetic discs. Two
channels of data were digitized, the pressure signal
from the leading adge bransducer and the IE reference
signal. Thore wao a total of 66 cengine revolutions
BEOred o dzsch and ob the average the number of
points per channel per revolution was 10295, This
provided sufficient accuracy (i.e. 1/[10295E)) to
illustrate the different sampling methods presented
in this paper.

The main advantage of the engine~order sampling
ig that it enables the elimination of the steady-
state part of the pressure signal so that only the
non-integral, flutter related spectral peaks rvemain,

Tor the spectral analysis presented in this sec-
tion, Jig. 5, the pressure data were sampled 512
times per revolution and the total number of revolu-
tiong was 1b, This gave a total of 8192 points which
was the maximum number that could be processed on the
FFT analyzer. The nonfluctuating part of the pres-
sure signal was removed by cowmputing the average
pressure (over 16 revolutions) for cach of the 512
points, and then subtracting this average from the
corresponding instantaneous pressures.

Although there were only 16 revolutions included
in the computation of cach average, the removal of
the engine~order peaks was fairly effective. The
most visible 388 peak was reduced in amplitude by
about a factor of 34, The aliasing f£requency for the
data presented in Fig. 5 was 256; however, the con~
tribution to the power spectrum beyond 1288 (Fig.
5(b)) was very small which insured against aliasing
in the range from 0 to 1288 (Fig. 5(a)).

There ave two non-integral frequency families in
Fig, 5 associated with fractions 0.45 and 0.55. The
former is associated with nodal diameters greater
than or equal to -8 and the latter with nodal diame-
ters less than =8, This can be seen by expressing
the spectral peaks in Fig. 5 as [2],

Aicon[mr(Ni + uk/u¥)t + ¢1] (2)

Because only pesitive frequencies can be detected by
spectral analysis, for Nj < - mg/wye, the above
expression takes the form,

ALQODtdE('Ni - uwl@})t - Qt} (1)

It 26 voen now thal tho flutter £requency expronsod

in cngino ordors is being subtracted from the posi~

give whole pumber (~Ni) yrolding tho fraction

0,55, 1t z8 noteo that the phase angle is reflected
about the horizontal axio.

It con bo shown thaet if all fregquencics corre=
pponding to the significant peaks in Fige 5 were
folded about the frequency multiples of 198, as many
timea as necassary, oo that thoy fall in the range of
0 to 198, only the froquenties which are aloo prosent
in Figs 2 would vemain. If pressurc transducers were
mounted on ecach blade, the nodal diamoters corre=
aponding to theso frequancies would be the only ones
detected, becawoe in this case the measurement is
opatially disexete, It follown thercefore, that therxe
are no new nodal diametors, or modes reosulting from
the gpectyal analysio of the pressuxe data. The ap-
parent nodal diameters seen by the stationdry proa~
suye transducera ave tho result of o complex pressuye
distribution in the blade channels, the description
of which requires a laxge number of spatial harmonicas.

Although the spectral vesults such as in Fig, 5
ave illuptrative, for the purpose of quantitative
analysis they are not very convenient. In order to
obtain the nodal diametors, it is wecessary to fold
frequencies in Fig. 5, and in ovder Lo trancform the
results into a votating Erame of referonce it is nee~
essary to perform superposition {2}, Both require
the kuowledge of phave angles for all significant
peaks in thios figures In vioew of their large number
and a wide frogquoney spread, this is difficult to
acopmplishs  The wide frequency spraad alse implice a
limited accuracy due to the wemory limitation of the
spectral analyzer.

However, the spectral results such as in Fig. 5
can be used for the purpose of flutter detection. In
this case, the engine-order sampling could be per=
formed divectly utilizing the device tevmed the angle
cloek (or angle enmcoder) [1) as the external sam-
pler. The angle clock i esaentially a frequency
multiplier which is capable of generating an arbi-
trary number of pulses per revolution Erom an input
1E pulse. The aceuracy of this deviece, which is wow
commercially available is comparable to that achieved
presently through the use of the analog tape and
peripherval digital storage devicea., The rcmoval of
the non-fluctuating part of the pressure rignal es-
sentially involves tne computation of the average
which does not entail any appreciable time delay,

An additional advantage of the engine-owler sam=
pling is that for the undersampled data the folding
occurs either about an integral frequency or an inte-
gral frequency plus 1/28, depending on whether the
number of points per revolution is even qQr odd,
Therefore, by selecting an even number of points per
revolution there would be only two fractions associ-
ated with a flutter frequency even for the aliased
sampling, For the purposc of flutter detection, a
more important consideration than the aliassing is
that the total number of revolutions included in the
sample be large, which facilitates the efficient re-
moval of engine owder pcaks., As will be shown later,
it is also desirable that the nuuber of samples per
revoiution is not a multiple of the number of blades
on the rotor.

Blade~Passage Sampling

In this section an alternate sampling and an
analysis method for the pressure data is presanted.
The sampling is performed once per blade passage at
the same position relative to the stesdy-state pres-
sure distribution.
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Prior te the sampling, therafore, the stesuy=
state distribution had to be determined, Thip was
achreved by separating the data xecorded on disco
into xecords covering the period of une revolution,
ao determined fvom the referonce 1B puloe datas  The
points within each revolution were then ondered rela=
tive to the atart of the yovolution and the corre=
oponding points in cach rorord were averaged over a
total number of revolutiv.s, The resulring steady-
state distribution ¢onsisted of I0295 points, each
repreaenting the average of 66 revolutions., Fige
ure b illustrates o typical distribution for a blade
pagsage with the right~hond gradient region presented
enlarged. In this fipure the horizontal axis 4o given
in terms of number of digitized points «elative to an
arbitrary oragin. The bagic¢ unit of time is there=
fore 1/(10295 E), The marked points in Fig. 6 sub-
divide the gradient region inko equal parts cach of
which is seven ppaces wide. These points represent
the locations relative to the zero crossing where the
pressure wag campled, The zero crogoings themselves,
peing common to all points, were determined in ad-
vance and stored on g dise,

One important consideration for the sampling in
the pressure~gradient region io the blade motion it=
self, 1In terms of units of Fig. 0 the blade dig~-
placement was about 5, Motion of this extent intro-
duces a £luctuating pressure in addition to the flue-
tuations which would be recorded if the blades were
not vibrating, It is pospible to demonstrate this
effect indirectly by showing that the vibratory mo=
tion - as darived from the pressure date in the gra-
dient region = does not compare well with the vibra-
tory motion derived from the optical displacement
da:ﬂ'

The blade vi',ration is reflected in the pressurc
data as a perior ic digplacement of the gradient por=-
tion of the pressure distribution relative to its
equilibriuvm or steady~-state distribution. The pres—
sure data can, therefore, be processed quite simi-
larly to the optical pulse data, the main difference
being that the instantaneous blade position is ob-
tained relative to the IE reference pulse rather than
relative to a corresponding 388 pulse. The spectral
results obtained in such a way are presenced in Fig.
7(a). If there were no interference from the pres—
sure fluctuations, these results would be similar to
the optical displacement spectrum iwn Fig., 2, The
facr that they are different indicateg that there is
interference Erom pressure fluctuations, Super-
position of two signals for an i'th nodal diameter
can be expressed as

D . 4
Ajcos [(u.)f +aNIE 4‘1]

= -1
+ M(E)  cos [ + e + wﬂ )

where the superseripts D and P denote respec-
tively displacements and pressures.

This unconventional analysis of pressure data was
specifically performed to illustrate the displacement
signal contamination due to pressure fluctuations.
The sampling was performed at a constant pressure
tevel corresponding to point 7 in Fig. 6. More con-
ventional vesults in Fig. 7(b), however, were ob-
tained by reversing this process, i.e., by sampling
pressures at the position defined by this point, It
is seen that results in these two figures are quite
similar. Both represent the summation of two sig~
nals, one derived from the pressure fluctuation and
the other from the blade motion as shown in equation
(4). Corresponding expression for Fig, 7(b) would

differ only by a multiplicative tacter dP/dt. It
would illuystrate contamination of preosvre fluctua-
tions due to blade vibratory motion.

Gradiont Sarpling ) .
One sofution to this problem is to form a pros~
suye difforence in the region where the steady-ptate

pregsure gradient is approximately conatant. Becauce
the blode vipplacement ip the same on both sides of
the blade, and the grodient is approximately cone
stant, thv contribution to the pressuve difference
from the blade wotion is nearly cancelled,

To illustrate this, pressures weve sampled at
indicated points in Fig, 6 and then the following
difforences were formed, Py - Py, Pyg = Py,

Plg = Pg and Py = Poy, The speectra corre=~
sporiding to thase difforences are given in Fig: 8 and
phase angles are presented in Table 2, The number ot
sampled data points used for spectral analysin wag
2048, Because the pressures in each difference above
were not sampled at the same time, a more exact pro=
cedure would be to obtain tranaforms for cach point
individually, apply the appropriave correction ko the
phase angle of one poirt and then perform the asub=
traction in the frequency domain, However, the maxi=
mum correction for the phase angle for the results
prevented in Fig., 8 would be 8 degrees, Thercfore,
the resulcs obtained using the latter procedurc would
not differ appreciably from the above.

It can be seen that the pressure~differcnce spoc-
tra in Fig, 8 are all qualitatively similar and that
they are gimilar to the displacement gpectrum in
Fig, 2. Comparison of the amplitudes of corresy nd~
ing peaks in Fig, 8 also indigates that in the ap=
proximacely constant-gradient region between pointo 0
and 14 (Fig. 6) the amplitudes are approximately pro=
portional to the number of intervals between the pair
of points included in the difference. If this inter-
val is maintained conskant the exact position of the
pair of points does not seem to be important, Com=
pavison of phass angles at a given frequency in Table
2 indicates that they are nearly constant,

These obaservations can be explained qualitatively
based on physical ayguments. Because it takes a
finite time to traverse the static pressure port and
because of the finite blade thickness in the direc-
tion of the wheel speed, it is expected that the
pressure difference acrogs the blade will be smearved
over approximately 10 poinis. This corresponds ap-
proximately tu half the width of the steep gradient
region in Fig. 6. It appears, thercfore, that the
smearing of the prewsure difference is in part due to
dimensional effects,

Considering first the smearving due to static port
dimensions only, one cap treat the blade as a dis-
continuity as shown in Fig. 9. The sketch on the
left corresponds to the left—point gradient sampling
and on the right to the rvight-point gradient sampling
(Pig, 6). The instantaneous blade position is de-
fined in terms of the area fraction £, where £ =20
corresponds to the positiop of the blade when it is
aligned with the left edge of the port, Subscripts
L and R denote left and right positions, and P
and 8 denote the blade pressure and suction sides.
The pressure difference between the right and left
pressures is then

Pp = Pp = fpPp + (1 - £)Pg = [prP + (L - fL)PSJ

ox,

Py - Py = (fL - fR)(Ps - PP) (5)

~




Sanve all picugeres a0 voetors, pospoasing an=
plitwde and phase, and £ 1a sopl, 1t tollows that
the pregoore diftomwnee botwren the twy points in the
conastantegradient rogiva bas the naoe phase as the
am tron=prespnie side Jitterence, It can aloo be
seen that the pieporlacaality of seplaitude and the
distance betwern the twe pornts ohould hold approxi=
nately in the central reguon whoro fraction & 1o
approxipately proportivaal to the blade posrtaon,

Usang two appronimat seng, aw explasation eould
alaw be atfered topr the case of fanste blade thicks
ness and negligibly presouresport dimensions,.  The
farnt 10 the quani steady-state assumption, baged on
the face that the blade thyckucos ia small compared
to the wavelength vorvespoding to one Lluttor eyelo,
and the gecomd 1u the linearily of prosgure vaviation
i the tip=clearamee region over the blade thacknesa,

doxs Gradient Saopling

Becauae the tntertorence with pressure Llugenas
tionn due to blade noetion 2o proportional to the
stoady=state prosunre pradient, an alternate way of
oliminating thiz intexteronce 1p to sample in the
region whoro preagsure pradients aye small, or sdeal»
ly, sero.  Fop example, Fige 10(a) presontu the gpee=
trom tor podnt - 14 (Fig. 6) which ip otill taircly
close to the ateep gragient region of che pregsure
distributions It can be scen that this spectyum in
qualitatively much clogser to tho displacement spocs
tvum an Fige J than the ove in Fige 7(b), whieh wad
obtained by sanpiing in the steep gradient portion of
the blade paosages

In order to obtain the pressure ditleyenee acrond
the blade, one aloo has to select a point in tho zero
slope region o the suction side of the blade, Be=
cause vt considerable curvature in the ateady=stato
pressure distribotion in this rvegion and the blade to
blade ditferonces, this xo more ditficult, Based on
reanlts obtained ge far, one would expect that the
gpeetrum for this poiut should also be qualitatively
similay tuo the dyaplacement spegtyum wn Fig., 2, It
was found that this condition is rcasonably satiafied
for point 28 (Fig. 0).  The spectyum tor this point
is presented in Fag. 10(b), the pressure difference
apectrum corveaponding to pointy 28 and =14 in Fig,
10¢e), and its phase in Table 2+ The spectral ampli=
tude and phase fov the pressure Jiffereme Pyy -
Puly 18 secw to be eloge to the reospective valuew
obtained for Pa) = Pay.

Although it has not been stated explieitly thua
far, the underlying asgumption for obtaining a valid
pressuye difference aevoss the blade is that the
pressure variation over an interval covresponding to
the distance between the two points gelected for com=
putation of the ditfevence should be asmall, except
when crogsing tho blade. One way to check this as=
sunption in to {onun a pressuve ditferance in the ap=
proximately [lat region to the lett of the mere
crogaing in Fig. 0, gy Poy = Pujge It i3 nok
likely that these two points will bracket the blade
amd therefore one should expeet amplitudes which arve
much smaller than o difference involving the same
namber of pointa fn the gradient rvegions This is
substantiated by comparing vesults in Figs. 10(d),
8Ca) and B(b) corvespomding respectively to Puy =
Pujgy, Py = Py and Py =~ Py diffevence,

Smearing Effects Due to Blade Motion
In g previovus soction the prassure~difference

smearing due to the finite dimensions of the tvans=~
ducer and the blade was examined. However, even in
the absence of dimensional effuvcts, in the gradient
region some smearing can also oceur due to the blade
motion., Because the two sampling positions for the
pressurve~difioerence spectra were selegted based on

the avesage pressure dastribution, and because ot
blade vibratory sotion; it 1s pozsible to have both
prensute samples forming a Jdifferonce on the sawme
sido of the blade at least somotimeds This would
tend to teduco the magnitude of the pregoure dilfoy-
[\ 1IN0

To simulate thie offect, two data sots are utis
liged aspociated roppectively wiéd the spectra in
Figas 10(d) and B8(d}, The Fipst got, corxeoponding
to Fige 10{d) is representative of the pressuxe dat-
forence whon both pressus)s are on the some side of
the blade and the secowy, corrvesponding to Fige 8€d),
is ropresontative of prosoure difieronce data when
the twe pressuyves fonning the diffovence ayo on the
opposite sides of the blade. A third data set wan
then created by randen sampling of the first data sot
followed by substitution of the sampled values into
correaponding pointe fn the second sety  Unly pointa
which huve not oven selected previously were pub=
ptituted in cho accond set, In the particular coae
considored, the thixd data act conaiated of 1024
pointa from the first and 1024 points from the sccond
sot.  Spectkral awmplitudes for these data axe pro=
sonted in Fig, L1 and phase angles in Table lo It
can bo scen that she apeetral peaks are approximately
proportional to the number of points from the data
sot correaponding ko Fige 8(d), and that phase angles
agree fairly well with othay covrarponding phase
angles in Table v Considering the magnitude of
peaks in Fige 11 one can associate this spectrum with
the one in Fig. 8(c) which corvesponds to the pyea~
sure diffpronce Pjg = Ppe  Qualitatively, one of
the principal differences botween these two figuiwe
io the highor noise level in Pige 11, Towevor, this
may be due to the fact that the prassurs difforence
in Fige 11 originates from two pointus which are apact
twice the distance involved in Fig, 8(¢), The lawgey
digtanes between the points in Fig. 11 iwplics that
the noise between these two pointy is less covrelated
and that, therefore, during subtraction the cancella=
cion of noise is lesa pronvunced.

CORRELATION OF PRESSURE AND DISPLACEMENTS

In oxdor to bs able to correlate the measurements
vocorded on different tapes it was vasential to be
able to initialize digitization at exactly the same
time. Thin was achieved by uaing a time code readey
which produced a pulse at the inatant the continuvus=
ly road time from the tape watcehed the preselected
time dialed on the time tode reader. The data se=
quisition was initiated at the fivat 1B rveferonce
pulse following thip instant., The coincidonce condi=
tion was detected under softwave control amd the 1B
refovence pulse was used as the external trigger.

The suggestion for the use of the time code veadey
ond its implementation in this procedure was made by
W. H. Jounes of NASA Lewis.

Becouse the time code {or the displacement data
was not available on the original 2iesni=vecord tape,
it was not possible to correlato directly the pres-
sure and displacement data.  {An avbitravy refevenced
time code, however, was vecorded on the FM copy of
the digplacement data tape enabling repeated replay
of this tape at the identical 1E veterence pulae),

In onder to corvelate the displacement and the pres=
sure data, it was necessary, therefore, to use the
strain-gage data for which the time code was avail-
able, This was accomplished using a procedure which
is bast illustrated by revicwing the wesnlting ex-
pressions for the covrelated displacemeut and pyes=
sure signals. For an acbitrary i-th nodal diamecter
these expressiong are

e .
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where P oot D denote respectively pressure and
digplacement. nu!cxonce time ¢ = 0 corresponds to
the instant a particulor Lk reference puloe reaches a
predetermined level and, as indicated, the referpnce
angle gorveoponds to blade 1 angular position. The
phase angles ¥y for the displacements aud pres=
sayes are given reopectively ao

D ol g 3y gy . 0058, TE L x|
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In these expressions @'s axe the i~th nodal diam-
cter phase angles measured relative to the first
point in the input data set for spectral analysis.
For the digplacemant data, this point corresponded to
the first blade that appeared under the sensor fol-
lowing the 1E trigaer and for the pressurs data it
corresponded to the second blade after the lE trig=
ger., (The latter choice was necessary because the
first blade under the sensor was slightly past the
selected triggering level at the time of LE trig=
ger.) The second terms in these expressions account
for the positien of blade one relative to the above
reference blades for @q'a, and the third terms
account for the time delay between the occurrence of
the 1E pulse and the instance appropriate reference
blades are under the respective gsensors, The fourth
term in the expression for 43, ® is the phase
angle for the blade-one above=ghround-trailing-edge
gage (ASTE poge [4]) relative to the 1E trigger, and
the last term accounts for the arbitrary time refer-
ence for the digplacement data., This term represents
the phase of blade one at the [ime of lE trigger. It
was actually evaluated from the¢ aliased 1/2E spectrum
aggociated with this blade, and not from the given
expression.

The strain-gage phase mﬁ, was determined by
interpolation between the fréquency lines, similar as
in [2). However, a simpler and more accurate approx-
imation wap used for fraction ¢ which defines the
true frequency relative to a neighboring frequency
line. This approximation is due to D. Braun of NASA
Lewis. If wg 1is the true frequency and the two
most significant amplitudes are A} and A2
corresponding to frequencies w; and ty, and
wy < wg < dyp, then
. (wg = w)nT N A, )

2 Al + A2

The phase angle corresponding to wg Js equal to
the phase angle at wj; minus cywr(n - 1)/n ~ epm,
In practice, the accuracy with which ¢; can be
determined 1s usually 1limited by the signal to
noige ratio, An estimate on the accuracy can
therefore be made using this ratio, Another esti-
mate on the accuracy may be obtained by varying
parameters in the spectral analysis. Sampling in

€
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the range of about § to osbout 32 pointo per cycle,

o opreod in the phase angle ¢ 0f obout 10 de=
grees wao cncountored, It is thewefore cotimated
that thie phase angle is occurate within 55 deprecs,

Because of the gvaalabiiaty of the Uingleten
FET=algorithm [5]), the spectral gnalysin ot the Jiu=
placement and pressure data discussed in thiy suestion
was perfnrmed on o large compuier, Thio alperitha
does not require that the number of points fur spec
tral analysis be a power of two., It is possible,
therofore, to select the pize of the input dota bleck
for the opectral analysis consigting of an integral
number of revolutions and having approximately an
integral number of cycles, Thig wcpults in o unifurm
nonintegrality of fluttor peaks and minimizes the
fraction ¢; (computed relotive to the frequency
line corresponding to the dominont peak).

For the dioplacement data, the number ot data
points was 2470, corresponding to 65 vevelutions ard
containing 549.1 flutter cycles (associated with
Ni = 0), For the pressure data, the number of data
points corresponded to 63 revolutions, and the number
of flutter cycles was 523,9, Different choice for
the number of revolutions for the pressurc data was
governed by a slight shitt in the flutter frequency
expressed in engine orders.

The phase angles corresponding to different peaks
in the respective spectra were obtained by using an
effective fraction ¢. For the displdcement phase
angles, it wap obtained by averaging the ¢'s corree
sponding to six most significant peaks, and for the
pressure phase angles, it wap obtained by averaging
valueg corrcoponding to two most significant pealkas,
The phase angles were cstimated to be accurate within
about *10 degrees,

The phase difference between pressure and dip=-
placement vectors ip presented in Table 3. Because
pressure leads the displacement, all modes in this
table are unstable,

It is noted that precise determination of the
moment coefficient and the work per eycle would re-
quire a repeated application of the methods outlined
in thi¢ paper at the remaining chordwise locations.
However, because the unsteady force on the blade dur-
ing stall flutter is concentrated near the leading
edge [3,6], the conclusion regarding the atability of
different modes reached in this paper is not expected
to change by this extension.

DISCUSSION OF RESULTS

In reviawing the different method. of analysio of
pressure data presented in this paper, it may be
noted that basic to all is the engine~order sampling
followed by the rvemoval of the steady-state part of
the pressure signal at each sampled point. If pres-
sure signals are processed mainly for flutter detee-
tion, as already mentiomed, it is desirable that the
number of samples per revolution be not an integral
multiple of the number of blades. This assures that
pressures at different relative positions in the
blade passage are sampled so that the possibility of
sampling only in a region where the unsteady pressure
signal is small, or perhaps not even detectable, is
eliminated. For example, sampling once per blade
passage at a point located at 110 intexvals relative
to the zero crossing (Fig. 6) results in a spectrum
with 11.45 peak reduced by a factor of 4.0 and the
5.45 peak by a factor of 2.3 relative to the corre-
sponding peaks in Fig. 10(b),

Blade-order sampling is therefore better suited
for post-run data analysis when the precise blade~
passage position of the sampled point can be con~
trolled and the possible interference due to the
steady~state pressure gradient taken into account.

-
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Two methods aro avarlable to accomplioh thas, the
gradient prossure-differonce sappling and the pero~
gradiont cacpling.  The toroer mothod coan only pro=
vide pressute-ditforonce opectra while the lattor
aloo violas the proogure spevtra closs to the blade
surtacon, In general, tho applicability of cuch
mothod will depond on the charactor of the steady-
state digtyibution, In tho payticular case, the
gradiont mothod appears to bo canior to apply., Thas
mathod yields correct phase yesults, and the ampli=
tados ave sttenunted approximotoly as tho ratie of
the distance between the two points to the distance
correoponding to the full oxtont of the gradient voe
Bion,

It is noted that in the computation of Lhe un=
steady work per ¢ycle, the intorferenco due to the
blade motion is of no consequenco sinee 3t is oither
in or vut of phamy with the digplacement so that it
doos not contribute to the work integrated over a
fluttor cyclo,

The analysio of prossure data has boen gives thus
far an towms of the over-~all spectra, An anal . s
procedure would bo to use the individual blade apec~
tra, similarly to Fig. 3 for the disploccments. Fig-
ure 12, for example, illustrates such results for the
presoure difference Fpp = Puzs  Such rewults
were also obtained for all ponnts iw Fig. h ond ald
the differential progoures apsceinted with these
pointa, However, the aver-all opectra, which exhibit
system characteristics, were found to be pore con=
venient to wse for the analysis, Repults such as in
Figs 12 lead to a discusoion of the individual blade
characteristics which appeared to be less consistent
than the gystem as a whols,

CONGLUDING REMARKS

An apalysia procedure based on cngine-order sam=
pling was presonted which effectively eliminates the
engine harmonics £rom the overall spectra corye~
sponding to a stationary pressure tranasducer, It was
shown how this procedure can be implemented for the
on~line flutter detection,

Quantitative spectral analyses of pressure data
were perfoomed based on blade oxdey pampling. Opti-
cal displacement spectra were vsed to demonstrate the
interference of blade motion with the pressure signal
in the seocp gradiont portion of the blade passage.
Two methode were outlined which yinld tha blade~
pregosure~difforence gpectra vemoving the countwibution
due to the blade motion,

Phasing of the blade differential pressure and
the displacement ppoctra at the leading edge indi~
cnted that pressure leads the displacement for the
4ix most sirv ficant nodal-diameter modes.
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TABLE 1. = FHASE ANGLES, DISPLACEMENT SPEGTRA

Figure Frequency (B)

345 1445 15451 B,45 | 11,45 | 12,45 | 13,5

2 =65 1 «61 § =57 | 48 =68 «08 =65
3Ca) | =56 | =54 | ~49{ 77 =83 =79 =86
3¢h) | =66 | -64 § ~59 | 40 -63 ~65 =56

TABLE 2, « PUASE ANGLES, PRESSURE-DIFFERFNCF SPECTRA

Figure Frequeney (B)

345 | hab5 15,45 3.45 10,45 112,45 [ 13.45

8Cu) | ~144 ) 133 ) 43 | -132] -161 98 28
8b) | =144 129 | 59 | «134] -161 | 101 38
B(e) | =144 ] 131 } 51 | =133} -161 99 33
8(dy | =149 ] 127 | 47 | ~132 | ~1863 9 36
10(¢c) | ~142{ 131 1 48 | -136] -171 90 27
1L =133 128 | 48 | -1306) ~1b4 95 35
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TABLE 3. - DIFFERENTIAL-PRESSURE PHASE RELATIVE
TO DISPLACEMENT PUHASE

P\ Nodal dismeter

=5 -4 -3 0 3 4 5
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DISPLACEMENT AMPLITUDE

I ~AXIAL POSITION OF THE
& LEADING-EDGE PRESSURE PORT

—
DIRECTION
QF ROTATION |
s/~ TRAILING-EDGE
) \& OPTICAL PORT
MIDCHORD  / N
OPTICAL PORT-

Figure 1. - Location of measurements ports,
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Figure 2. - Displacement-amplitude spectrum, trailing-edge sensor,

1 unit = 1/(16475 E),
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Figure 3, - Displacement spectra corresponding to the midchord (a), and
the tralling-edge versus midchord sensor (b), 1 unit = 1/(16475 E),
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Figure 4. - Displacement amplitude and phase &istribution,
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Figure7, - Apparent displacement and pressure spectra as derived from
pressure data by sampling in the steep gradient reglon,
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Figure 8, - Pressure-difference spectra, gradient sampling,
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Figure 10, - Spectral results based on sampling outside of the steep-
gradient region.
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Figure 11, - Pressure spectrum derived from Py; - P.7 and
Pz - P_j4 data sets by random sampiing, )
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Figure 12, - Differential-pressure amplitude and phase distribution.
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