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S ARY

The compressor blade flutier investaigation has so far been concen-
trated primar:ily on static cascades. As a link with full sca.e compressor
results a series of tests has been undertaken on the untwisted stotor of a
single stage compressor. Tne tests werc carried oub in = variable dconaiby
zetur; circuzt rig. The results of the investigation can be summarised

riefly:

(1) Stalled flutter, which appears to bs a1dentical with that experienced
mn cascades, can 0CCur il 4 COADTESSOr,

(z2) Stalled flutter occurrcd at all ancidsnces above stall, for sufii-
crenbly hagh air velocities. In a few insfances some evidence of a
rototing stall cell was also observed.

(3) The eritizal flutter velocity s close to, but slipghtly lower than
¥ s
that for a simalar blaede un cascads.

(L) There is no siumple end direct relationship between flutter altcrna-~
ting stress and density.

(5) The maxumum flutter alternstiag stress sceoms roughly indepondent of
density, provided the axr veleccity is high enough, over ths range of
vractrcal i1nterest,

(&) The critical flutter incidence i3 independent of aur density i.e. of
Reynolds nunber, over the range covered.

(7) The critical Flutter velocity is a funciion of air demsity.  Iis
variation 1s less than would be esxpocted on theoretical grounds.

Tae cxperamental variation as given in the fext of the Heport.

(8) Buffeting stresses, i.e. riscellansous alternating stresses under
normal operating ccendilacny, are proporticnar to lhe steady gas
pending stress,
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1.0 Introduction

The compressor blade flutter anvestigation at N.G,T.E. has been con-
centrated primarily on static cascades {see References 1, 2 and 3, for
example). One compressor investigation has been reported (Reference L)
but the results are not conclusive, and different interpretations have been
put upon tnem (cf. Refercnces 4 and 5). On one side 1t can be argued that,
i an annulus, as soon as the blades become stalled the air flow will break
down into discrete stall bands.  Stall bands have been known to rotate,
usually at some 30 to 60 per cent of the compressor speed in typical Britash
designs. An aindivaidual blade will thus experience stalled and unstalled
flow alternately, and since an typical operating conditions the unstalled
portion of the flow is greater than the stalled, aerodynamic damping would
predeminate over excitation. In Reference 4 it is further suggested that
the whole process may be completely random. On the basis of non-stationary
stall bands, stalled flutter as experienced in cascades would have no signi-
ficance in a compressor. The other view poant is that the stall bands are
not nearly as discrete as mighi at first appear (unless perhaps the compres-
sor is surged), and that stalling flutter can cccur as in a cascade. Tests
were thersfore carried out to see how far the cascade results are applicable
to compressors. To avoid the restrictions srising from stage matching such
as would cccur in a multi-stage compressor, the tests wers carried out on a
single stage high speed fan.

A further unknown is the effect of air density on the fluiter and/or
buffeting characteristics. It seemed reasonable to expoct that the larger
exciting aercdynamic forces associated with higher air densities would give
rise to higher vibratory stresses. However, experience arising from tes-
ting compressors as component items under throttled inlet conditions would
suggest that density has less effect on flutter than would be expected from
simple theoretical considerations. As density becomes an amportant para-
meter for high speed flight at low altitudes, the tests were carried out in

a variable density rig so that the effect of density on the blade vibration
could also be investigated.

2.0 Test equimment and technicue

2.1 Deseraption of test rag

The tests were carried out in the N.G.T.E. Wo. 114 Variable Density

Return Circurt Rig. A full description of this rig 1s outside the scope
of thias Report, but a functional layout i1s reproduced in Figure 4. It
will be seen that 1t has a return circuit comprised of the working section,
a load throttle, a circuat loss meke up fan, a cooler, and a venturl meter.
The driving turbine stator assembly, together with all compressor bearing
hougings, are swung so that the torque input o the modsl compressor can be
measured. The rig absolute pressure can be varied from 4 atmospheres to

6 atmosphere by an auxilliary piston compressor. The ailr is pre-dried
with activated alumina when pumping to high pressure. The maximum model
compressor speed ls limited to 20,000 r.p.m. with the existing rotor.

The blade alternating sitresses were measured by means of strain
gauges. In order to avoid complications arising from the use of slip
rings it was decided to concentrate the initial set of tests on a stator
TOwW. “he rotor blades were made very stiff so that no flutter could be

expected from them even under the arducus conditions at which they would
have to operate during the tests.
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2.2 Detavls of test blades

In order to facilitste comparison with the cascade results 1t was
decided to use a constant section stator havang a profile and stagger
identical with one alrsady tested in the cascade tunnel. The secition
chosen was 1004/40C50, 1n standard notation (Reference 6), and this was seb
at a stagger of u24.56. At the time of the dealzn 2t was thouht thet a
section near the tip of the blade would be a better refercnce for flutter
work thaa tne msan diameter section.  Accordirgly the nwmber of bladcs was
cl.osen to give a prteh/chord ratic of unity at 80 per cent of the blade
height from the root {outside diameter). This was the pilch/chord ratuio
used 1n the cascade tegsts. The blede height was fixed by tae existing
compressor annulus dimensions. It was 1.82 in. at inlet at 1.78 in. at
cutlet from the stator. A chord length of 0.60 in. was adopted givinz an
aspect ratio of 3.0. Both cascade and compressor blades were cast in
II.R. Srown Max. The test compressor blades sere thus an xdentical 2.8
scale version of the cascade bladeg. Direct compariscon with the results
of khelsraence 2 zs thus possiblis,

The cascade aerodynamic tests (Reference 7) at a pitch/chord ratno
of unity had shown that the cascade stalled at an inlet angle of approxi-
matoly 18° at a Mach number of 0.5, decreasing to about 45% at » Mach
nurber of 0.6, At the slightly nigoer mean diameter prtch/chord ratio of
these stalors 2t was anticipated that the stallang angle would be slaghtly
lover than thuis, It is clearly impossible bto maintain a constant inci-
dence along the whole length of a compressor stator, as in & cascade test,
for all operating conditions. As we were primarily interested in stal-
loing phenomens 1t was arranged that the rotor showld deliver a constent
inlet angle to the stator at its low speed stallaing point, 1.e. af 582,
Tre corresponding mean flow cosfficaent for the rotlor 13 0.0622. At this
flow the rotor i1s opsrating, theoretrcully, at "noranal® incadence.  FPre-
vious tests waith this rotor as part of o 50 per cea. roaction stage had
shown the surge flow coefficient to be 0.58. It was therefore hoped that
any stail and surge phenomena would be initiated vy the test stator biades,
though at lower flows stalling of tae rotor mipght influence the results.

The test stator blades were cast with integral roois, vhoch were
made as laige as the stator casing would allow. The blade roots werc
bolted firmly to a ring to minimise root darping. Details of the arrange-
ment are shown wn Figure 2. [he bledes themselves wers fairst checked Jor
soundness, bthen selected and posaitioncd from a frequency test. The fre-
quencies of the blades ranged from 662 to 747 ¢fs, and 1ncluded two sets of
six tuned blades for comparison purposes. The mechanical damping of the
bladez was very iow. Tests on some of the Llades in still air abt normal
atmospneric pressure gave a logarithmic decrament of 0,007 (measured in situ).

Ze3 Strain gauge equipment

Tre¢ strain gauge amplifier channels were made up of a nuber of stan-
dard 14 in. panel mountsd units supplied by Messrs. Southern Instruments
Ltd. Two amplifier chamnels were used, each comprising a strain gaucs
vanel (selectlon, D.C. yolarising souwrce and calibration), an R.C. pre-
amplzficy panel and a D.C. driver arplifier panel, giving sn overall vol-
tage gain of about 4 x 10°. The stabalised power supply Ls common to Loth
chamnels. A ihree-channel cathode-ray tube unit employing bagh performance
moni bor-type tubss {VCRX 214) was constructed for the disvlay of the stroin
gouge siznals and for recording by a 35 mr. continuous moeving falas cuwrciu.
4 f1ilm speed of about LO an. per sccond wes used for these testa. A two-
charmel merker amplificr was alzo constructed to apply "tamc" and Ysveng!



signals smmultaneously to the third cathode-ray tube. In this case the
Yevent" vas roftor speed. Thotographs of the strain gauge recording eguip-
ment and some typical test records are shown in Figures 3{b) and i{b) and
Wey. To facilitate visual momrtoring of tne strain gauge signals, betwoen
actual sxposures,a tune-base panel 1e included in the amplifier anit

A total of 20 blades were struan gauged. All gauges werc cf the
nitro-cellulose bonded type and were affixed with "Durofaix" cerenbt. 19
gauges were Tinsley type 61, whach have 8,1, wire (51m11ar to Durcka) of
0.001 in., dia., grving a resistance of 50 chs. The other twe gauges were
Rotol type DCH/1/100, usang nickel cupper wire of 0.001 in. dia. gaving a
resratance of 100 ohms. 15 blades were gaugzed in the flexural position
(13 Iznsley and 2 Rodel gauges) as shown in Fagure 2, whale 5 blades had
ganges at 45° to the flexural position., Thas latter position was thought
to be the moet svitable for detecting any possible torsional or complex
blads vibration modes, having regard to the size of the gauge relative to
the blade.

The lead-out wires (4/0.006 in. ware, cotton covered aad lacquered)
were taken throuzh holes dralled zn the blade rcots and rings, <s shoim an
Fagure 2, and hence throush the casing to an exterual terminal board. From
this, ccreencd cobles led to the remotely situated cmplifying and recording
equlmaent, Yhe strain geuge selection panels provide for the connection
of 6 gauges cach; thus the immediste selection of one out uf six gauges
in each channel was pocsible.

2.0 Yest procedure

The feollowing procedure was generally adopted for tost purposcs.
The compressor was run up to vhe desared speed 2t maximum fiow.  The flow
wa3 then gradually reduced, and simultaucous records of aerodynawic perfor-
mance and blade alternating stress tagen at swartable antervals up to and
through stall and surge aind to as small a flov as precticably possible.
Tre vpreccdure was repeated 2t speed intervais of 2,500 r.p.m. from 7,500
r.p.m., to 20,000 r.p.m., the lumt of the rig. Complete tests were curried
out at norinal rig vressures of : atmosphere (Lurt repsated), 1 abtmosphere,
and 2 atnospheres (up to 17,500 r.p.m.) total absolute pressure. All
records were tazen photographically The duration of a flutter recurd was
about 1 4o 1% seconds. In order to extend the blade and gauge life as
much &8 possible,little "settlaing timse" was allowed for some tests, parti-
culzrly al high streas levels, Some slight error may have crept into the
aerodynamic resvlts from this source. It would be small.

The =zerodynamic records gave noass {low, stage temporaturs risc, and
the static pressure at six points equally spaced around each of the inside
and cutsides amnulus cazaings, both before ard after the test stater. The
static pressure at the outside was also measuwred before the rotor and be-
fcre ihe anlet guids vanes.

Yhe tests were finally terminatcd by fairlure ol the straln gouges
and & suspected comprésgor shalt thrust bearang farlurc.

e resulis obtalned can be presented 1n several diflercnt ways.
The most drrect 1s gaven in Iigures 5, 6 and 7, where the muasurea alter-
nating stress has been plotted againzt the flow coeflicient al entry to
the rotor for i atmosphere, 1 atmosgherc and 2 atmospheres nominal rig

density respectively. The ctage pressare rise cosfiicient hus olso been
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plotted on each of these Figures so that the corresponding aerodynamic
performance is known, The results for onc blade only have been guoted,
although measuremenis were always taken simultaneously on two blades.
Stresses recorded on both blades were, generally speaking, tae saue, although
in one or tvo instances discrepancres were obitained. These discrepancies
are probably due to the somewhat short duration of the records combined with
the random suplitude variations. It 1s tntcresting to note, too, that
surveys of the 12 gauges connccted to the measuring equipnent always gave
stress readings of the samc order. The 6 static pressurce tappings around
the inside ano ouidside anmiius walls also gave anzform readings, suggesbting
that the flow conditions and the resulting blade behaviovr were uniform
around the circunfercuce. !

A more comprehensive presentation of the resulis can be obtained by
plotting allernating stress contours sith axr inlet angle and inlet Mach
number as reference axes as in Figures 8, 9 and 10, This follows the
method of presentstion usually adopled in the case of cascade results. The
alr inlet angle to the stabtor was obtained by yawneter measurcments aftcr
the rotor in a conventional stoge. FPrevious test results had shown that
dersaty and speed (1.e. Roynolds number) had no effect on the outlet angle
from this rotor, over the range to be encountered in these btests. The
angle quobted 2z that at the mean diometer. The wnlet angle ot other dia-
meters will differ slaightly from this, peing closest toe uniform at the stall
point, The variation wall be such that wcll cbove stall the inlct angle at
the tip of the stator will be less than at the mecan dlameber, while well
below stall the angle at the tip will be higher than at the nean driareter.
In all calculations a corstont axial velocity was assumcd across bhe amalus
height at all axial positions.

L.O Discussion of resulis

L. Comparisonr #1th cascade resulis

There seens lattle doubt that ihe vibration observed on these stators
18 stalling flutter, identical with that obzerved on a sunple cascade. The
contours derived from the tests show a striking resemblance with thosc ob
talned Trom the cascade tests.  Above the stalling incidence vibration is
widespread in boih cases. Likewlse when stalled there seems to be o criti-
cal Hacn aunber or velocity above -thich the allernating stresses rise
raprdly. The nature of the wibration is also the same an boih cases.
Haca blade tested vabrated at its own natural frequency. The vibration was
cf thal haphasard, sporadic nature whicl ig so characteristic of stalling
flutter in cascade. This can essily be seen from Figure 4 whach compares
records from the cascade and compressor test.  Additionally 1t can e
segn from this Fisure that the vabraticun had, in general, ne daiscernsble
amplitude modulation which could be traced to rotating stall cells. fn a
few cases however 1t did seem possible to trace 2 modulation which could
be attributed to a stall cell rotating at about 35 per cent compressor
speed (sec Figure 4{¢) for cxarple), but such records were rarc ond the
stall cell rotation dad not persist. If the fhole vibration smre dus to
some exciting force such as a stall cell, vne would exvect lhol compressor

speed would be the svpnificant paraueter The results do not show this to
be so.

The results obtaincd were perfectly repeatable. Two separnte ruas
over tae shalled regions werc carried out at i atmosphere nominni rif
predsure. Jac results arc in agreement. In every case whcn the flow

coefficient was less than about 95 per cent of that for peak prescure rise
some flutter was observed. The magnibtude of the flutter depended, of
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course, on compressor speed and rig density.

On the basis of this evidence one must concliude, therefore, that
stalling flutter, as experienced in a cascade, can exist 1n a coupressor.
It should be pointed out, however, that these tests were carried out well
away from resouance with any stall cells. If a single stall cell rotatos
at 35 per cent compressor specd resonance would be obtained with thesc
blades at 120,000 rev/min which is well outside the test rumning range.

If the frequeacy of the statcrs had been such as 4o bring resonance within
the running range, s3tall cell rvhenomena would probably have played o greater
part in the results. That problem is oubside the scope of this investi~
gation.

Assumang, then, that we are dealing with the same physical problem
in compressor and cascade, 11t is necessary to examine the quantitative re-
lationship between the two results. In one sense the resulis are 1n com-
plete agreement: when the incidence is high so that the blades arc stalled,
flutter occurs provided the Mach number is high enough. In so far as the
cascade resulis can be used to predict stall aerodynemically, they can also
be used to predict the stalling flutter incidence limat of & compressor
blade.

The critical flutter velocaty or iach number {1.e. that at whach
flutter commences) is lower for the compressor stators than for the cascade.
To a certain extent it 1s to be expected that rotor wakes and the gener-
ally less steady flow conditions in a compressor will decrease the asrody-
namic damping. Thas will be most prominent when the total damping :pproa-
ches zero, i.e¢. near the oriiical flutter velocity. It had been hoped to
deduce the extent to which a stalled and unstalled rotor blade affected the
agrodynamic damping. In Figure 12 the pressure rises across the rotor,
the stator, and the complete stage have been plottcd against flow coeffi-
cient for a number of representative conditions It wall be seen that,
contrary to design expsctations there 1s no flow range over which the
stator 1s stallod and the rotor remains unstelled. A detailed examina-~
tion of the stzll and surge phenomena involved was outside the scope of
the present investigation, and information on this particular aspect of
fiutter was not obtained.

It 1s interesting to note that the concept of a lumiting fluiter
velocity and inecidence %as used in References 3 and 5) is more neariy
approached by the compressor results than by the cascade results. The
cascade reaults indicate that tne flutter boundary follows a Ystalling
incidence - Mach number" boundary. In the compressor stalling incidence
seems more independent of Mach number, both aerodynamically and as regards
stalling fiutter.

It would be unwise to make any doductions from these limited test
results, but the agreement 13 considered so close that it should be pos-
sible to correlate compressor and cascade results, using perhaps only one
enpirical coefficient, when more resulis are availablie.

4,2 Effect of density on flutter

As might be expected, increasing the air density increased the
general level of flutter stress. In Figure 13 the alternsting stress,
referrcd to aihospheric conditions as datum have been plotted against rela-
tave alr density for a number of operating conditzons. It is obvious that
no simple direct relationship between stress and density exasts.
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Looking at the resulis in meore detail 1t appears that the mesimum
stress 1s roughly independent of alr density over the practical range. For
the blades under test 1t was limited to about +30 tonsg/in2. This 1s not
altogether surprising. Non-linear:ty in the mechanical and/or asrodynamic
damping forces is to be expected at high amplitudes and has obviously
limited the amplitude and stress in this case, The wmeximum stress of
+30 tons/in® was not in fact reached at Z aimosphere relative density.
However, the stresses were still increasing when the maximum speed was
reached, and had higher speeds been possible the authors believe higher
stresses would have been recorded. Maximum stresses are of little prac-
tical 1nterest, however, and even at the lowest density the maxaimum alter-
nating stress level was unacceptable for prolonged operation.

If one regards the high stress flutter zone as bounded by a limiting
incidence and a limiting velocity then i1t 1s possible to make some genera-
lisation. One caan say that the Iimiting incidence is independent of
density. It would, of course, be dependent on Reynolds number rather than
density 1tself. Lhus these tests only confirm previous ones that stalling
iz to a first approximation unaffected by Reynolds number over the range
covered. The main effect of density i1s therefore a change in the critical
flutter velocity, i.e. the air velocity at whaich high stress flutter com-
mences when the blades sre stalled. The measursd alternating stresses
have been ploftted against velocity, in Wigures 14, 15 and 16, for various
inltet angles above stall. It wmall be seen that the craitical flutter velo-
city 1s well defined in most cases, and 1s a function of air demsity. In
Reference 3 1t has besn shown that the criticnl flutter velecaty and the
density are related by the following expresazion

Ve = Kp £ t & O/p R €D
or vf ac 1/P ) e . - LY L ] (2)
where Vp = critical flutter velocity

f = frequency of blade

t = blade maximum thickness

& = Jlogarathmic decrement in vacuo

o = blade material denaity

g = alir density

and Ky = & constant depending on the aerodynamic

design of the blade

These ressults would show, however, that changes in air density have much
less effect than the theoretical treatment would suggest. It is possible
that the aercdynamic coeffaicient, Kp, 1s a function of Reynolds number, butb
more likely the theoretical treatment of Reference 3 1s over simplified.

It hasz been argued that the freguency parameter i1s a suitable para-
meter controlling the critical flutter velocity. These resulis do not
support this view, For it to be an adeguate criterion the critical flutter
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velocity would have o be independent of density.

Of the two hypotheses 1t would obvicusly be sefer to assume that the
critical fluster velocity 1s 1nversely proportional to density, at least for
densities above atmospheric. It 13 doubtful if compressors are designed
for less than stmospneric inlet air densities. and these special cases would
have to be treated on their own merits.

L.3 Effect of density on buffeting characteristics

As an ancidental the results obtained during these tests also provide
information on the effect of density on the unsialled buffeting effccts such
as occur under normal opsrating conditions. The buffeting stresses are duc
to many adventatious causes, as for ¢xample impulses from rotor wakes, pres-
sure ficlds from other blade rows, somewhat unsteady or non-uniform flow and
s0 forth. ‘fThesc stresses would probably be Llowver in a single stoge than in
a multi~stage cormpressor, but the effects of density should be comparable.

The buffeting stresses measured in these tests have been plotted
against velocaty and against density in Figures 15 and 17 for two constant
unstalled incidences. The scatter in the results is probably due to using
amplifier gain settings appropriate to the stallang flutter encountered at
that speed and density. The results are guite initerestaing. It 1s seen
from the Figures that the alternating stresses are substantially propor-
tional to the square of the inlet velocity and directly proportionsl to air
density. This 13 not surprising in view of the smwall amplitudes. The
buffeting stresses are thus proporticnal to the steady gas bending stress,
and a constant factor of safety on this quantity vould provide constant
safeguard against failure from this source. An adequate factor of safety
would have to be obtained by experience gained from multi-stage couwpressors.

5.0 Conclusions

An experimental study of the factors goverming blade vibration in a
sungle stage axaal compressor has been completed. fhe resulis of the
investigation can be summarised:

(1) Stalled flutter, which appears to be i1dentical with that experienced
1in cascades, can occur 1n a caupressor.

{2) Stalled flutbter occcurred at a2ll incidsnces above stall, for suffi-
elently hagh air velocities. In a few anstances some evidence of a
rotating siall cell was also observed.

(3) The critical flubter veloecity is close to, but slightly lower than
that for a similar blade in cascade.

(4) There 1s no sample and dairect relationsnip between flutier alterna-
ting stress and density.

(5) The maximum flutter aliternating stress seems roughly independent of
density, provided the cir wvelocity is high enough,over the renge of
practrceal interest.

(6) The critical flutter incidence is independent of air density, i.e.
of Reynolds number,over the range covered.
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(7) The critical flutter velocity 1s o function of air deusity. Its
variation 1s less than would be expected on theoretical grounds.
The exyerimeatel veriation is given in the text of the Report.

{(8) Buffeting stresses i.e, miscellancous alterncting stresses unacr
normal operating conditions, are proporvional to the steady gas
bending stress.
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AFPRIDTA T

Details of lean bia.ic Lengity before Test Stator Row

Conpressor Speed
T« PoTle
20,000
17,500
15,000
12,500
10,000

7,500

MNominal Rig Pressure (Atmospheres)

A

0. 0171
Cu 0174
0, 0176
0,0186
0, 0186

1
0, UGS
0.0700
0.0706
0, 0706
0,0722

0. 0725

Density quoted in 1b/ft

2

0. 1450
04 1469
0,1469
0, 1482

Q. 1452
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