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SILaARY

The tests reported show the existence of threc main zones of flutter
at high stress; stalling flutter, shock-stalling flutter and choking flutter.
These zones are similarly located (with reference to the aerodynamic chara-
cteristics) for both the medium and the high stagger cascades tested, and
they extend over a wide roange of incidence. Good correlation between the
mones of flutter and the experimentally measured blade force derivatives,
with respect to Mach number and incidence, has becn obtained. Mhore
experimental data are, however, required before a quantitative amalysis of

the problem can be achieved.
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1.0 Introduction

The axial-flov compressor blade {lutter problem, which has existed
for a nurber of years, hns more recently bocome increasingly prominent,
In order to increcse the available systemntic data, a programre of cascade
flutter investigataion is at present being undertoken at N.G.T.E. This
Report presents the results of tests on two types of c-scade, both of 20°
carber but differing in stogger angle. Prelimanary results on a low stag-
ger, 40° camber cascadec hoeve already been given.

2.0 Description of tests

2.1 Casecade details

The test cascades were each composed of 10 blades, cast in HeRe
Crovm Yax and brazed together at the roots. Prior to asscmbly the indivi-
dual blades had been selected to be close in ftheir natural fundamental
cantilever frequencies, in order to ensure, as nearly as possible, similar
root damping characteristics. The method of asserbly 1s shown in Figure 1(a).

Both cascades wero formed of blades whose secction was, in standard
notation, 10C4/20C50. The blade chord was 0.75 1n., aspect ratio 3.0 and
they were assembled with a pitch/chord ratio of 1.0. The medium stagger
cascade vas set at o stagger of -34.2°%, while the high stagger cascade was
at ~44.2%,

2.2 Test techniques

These tests were carried out in the N.G.T.E. No. 6 High Speed’
Coscade Tunncl?, the salient features of the working section of which are
depicted in Fagure 1{b). A window has been inscrted in the tunnel side
wall to permit the observation of the behaviour of some of the cascade
blades.

The method of the optical system used to record the movements
of the blade tip may briefly be described as follows. The blade under
observation i1s fatted with a =mall plane stainless steel marror of
suitable daameter (in this case 0.050 in.), let into the blade tip at
about 25 per cent chord from the leading edge. This mirror and a
suitable area around 1t are i1lluminated by light projected by a lens
from a point source. The beam reflected by the mirror comes to a focus
on the film in the gate of 2 continuous movang film cdmera. As the blade
vibrates, the image spot is scanned across the film at right angles to
the direction of film movement, and a continuous record of the blade tip
moverent is thus obtained. From this can be extracted the frequency and,
af'ter suatable calibration, the alternating stress of the blade vabration.
The method is also capable of recording the change in "mean" tip position,
le8., 1t provides a nmeasure of the mean aerodynamic force on tho blade.

The proccdure for testing was to set the cascade at a fixed
incidence and meke film records of the blade +tip movement at convenient
increments of inlet air speed. Arrangements were also mde to record
simultaneously, by photographing manometer tubes, the total head and static
pressures relevant to the aesrodymamic analysis. This is essential in order
to reducce the time spent in meking readings at conditions of severe
vibration. Even with these precautions a replacement cascade of each type
was necessary to complete the ranges of incidence investigated. The
limitcd aerodynamic analysis comprised chiefly the knowledge of the maximum
and critical Mach numbers. These have been defined as follows:-
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Mypns  the critical Mach number s that at which tho pressure
rise (8F/Ptot ~ Pgtat) f1rst begins to fall. This

will closely approximate to the drag critical Mach
number uspally used.

Mpms  the maxamum Mach number is thot at which the pressure
- rise (AP/?tot - Pstat) becomes zero. This is

slightly below the true choking Mach number.

3.0 Test results

Both cascades were tested over a wide range of incidence and ¥ach
number. Increments of tunnel setting angle of 1° were employed and flutter
and serodynamic recordings were made nt sutable Mach numbers, (between 10
and 20 conditions per tummel setting angle being necessary). The incidence
range covered for the medium sitagger coscade tests was from -11° to +20°
approximately. Owing to the coscade tunncel geometry, 1t wes impracticable
Yo test over quite such a large ronge for the high stagger cascade, the
actual range covered being from -11° to +14° approximntely.

Flutter of the cascode blodes wos observed over wide ranges of
incidence and was most severc ot ¥nch numbers chove the critical Moch
number, Mp.. Whilst the maJority of the vibration was of the fundamental
(lst) contilever mode, there wos detected a certain amount of 2nd cantilever
vibration (Figure 2) which, in the case of the medium stagger cascade,
reached stresses exceeding * 10 touns/in.2.

As the record examples in Figure 2 indicate, the flutter is not always
steady (comparatively speaking) but is ofton sporedic in character. In ths
anclysis of the stress amplitiuvde records, which are of 2 or 3 seconds
duration for cach conditron, +the moximum value of the alternating stress is
noted together with o visunl estimtion of the mean altermating stress.

In the.case of the higher mode flutter, the stresscs guoted are those near
the leading edge of the nodal line nearest the blode tip (Fagure 2). The
alternating stresses at this point are, however, showm by calibration
experiments under forced excitation conditions in the some hisher mode,

to be only some 10 per cent greater than the alternating siresses at the
root. Consequently the root stresses in the 2nd cantilever mode con be
taken 2s roughly the same as those plotted and, where they occur at the
same time as the fundomental mode stresses, the indavidual stresses can
arithmetically be added to obtain an estimte of the foicl allernating
stress ¢t the root.

3.1 Wedium siovger cascade

This cascade 18, 1n standard notation, 10CL/20050 and has a stogger
of -34,.2°%. The origincl cascade, used for the mojority of the testing,
wos composed of blades whosc fundamental cantilever froquencies ranged from
339 to 343 c.p.s. The replacement caseode had blades whose frequencies
were 1n the ronge 325 to 350 c.n.s. approximately. /in average value of the
lomarituric decrement in free air was 0.007. The tip clearance used for
the tests was 0.050 in.

3.2.1 DBlade stresses

Figure 3 shows some typical plots of moximum alternating stress
agninst koch nmumber for given inlet air angles. The mexinum stress in the
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fundamental cantilever mocde is 120.2 tons/':m.2 atd occurs at an air inlet
angle of 64.3° (1.e. ot an incidence of +20°), while the maximum stress in
the 2ud cantilever mode is +12 tons/in.d at 41.1° air anlet sngle, (the
curve for this not being plotted in Figure 3). It will be noted that in
general the curves of stress show peaks of height and width increosing witn
lncreasing inlet angle. The location of these peaks appears to be somernat
rendom as plotted in Pigure 3. 1If, however, vre plot the recorded stresses
as contours on a base of inlet Mach number and eir angle, as in Figure L,
o clearer view of the test results cmerges. Plotted also in Figure 4 are
the curves of critical Mach number and moxirmum Hoch number, as evalunted
fron measursments made durine the flutter tests, i.e. they are the cscillatory
cerodynomie characteristics.

Three main regions of flutbter can be distinguashed in Figure L.
Firstly there 1s the large area wbove the critical licch number curve os
plotted, and extending from about 54° air anlet angle upwards as far os the
test incidence range continues. Thas as the stalling flulter region, (the
theoretical stalling 2ir inlet ongle beiug 53°). The secoad reqion 1s
roinly above the maxarum Mach number curve, extendivg over almoest the con-
plete range tested and tending to become merged with the stalling flutter
region at high incidence. This is the choking flutter region. The small
aren of flutter just above the eratical Llach numbuer and zoro incidence
(which is linked to the choking flutter arca) can be considored as forming
a third region. This region lies in the shock-stalled part of the chara-
cteristic, and so the flutter occcurring hers can be terred shock-stalling
flutter.

Tor this cascade the low incideuce choking flutter occurs chicfly

s 2nd contilever vibretion of mederately high stress. From about zcro
incidence upvaris, choking flutter of the fundamental cantilever mode
appears and predominctes at higher incidence. The shock-stalling flutter
is corposcéd of both lst and 2nd cantilever vibration which, over the smll
area where they occur simultaneously, produce stresses in cxcess of
+12 tons/in.2. The stalling flutter is predominantly of lst cauntilever
order ond is cxtremely severe. It should here be mentioned thot the
identification of the 2nd cantilever mode vms carried out by exnudning

the modes of vibration of o similar isclated blodes as exeited by an
electromgnetic vibrator, which has freguencies close to the recorded
frequency. Confirmmtion was obtained by a stroboscopic cxamimation of the
tip of the cascode blade when vibrating suitably in the tummel.

3.1.2 Aerodynamic forces

As 1ndicoied in Section 2.2, a measure of the mean aerodynamic
force on the vibrating blade can be made. Typical results of such
measurements are given in Flgure 5, in which the mean aerodynamic blade
Force divided by its roximum value (for o given incidence or lach
number) is plotted both against Mach number and ageinst cir inlet angle.
If F is the nersdynamic force acting on the blade then the ordimates of
the curves of Fipure 5 are proportional to T. Comparison ol Figures
4 and 5 suggests certain relatiouships between the experimentally plotted
flutter regions and the slope of the experimentally determined force
CUTVES.

(1) Choking flutter and shock-stalling flatter coincide
almost precaisely with those regions in which the
slope of the force versus Mach number curve is
negative, i.e. where aF/liy < O

(2) Stallinz flutter occurs, to a close approximtion,
with negative slope of the force versus incidence
curve, i.e. where 3F/a; < Oe
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It will be noted however that 3F/da; becomes positive again at aq =
61° approximately, this being accompanied by an 1iuncrease in the recorled
flutter siresses! The mechanism of the flutter in this rerion is not
apparent, but may well be due to a hystevesis loop effect in the 11f%t curve
(starting from qq = 61°) similar %o the stall point hysteresis effect
described, for example, in Peference 2. A gensral ocutline of the areas of
negative slope of 3F/aM, and 3F/daq is showm in Figurc 6(z), the regions
of flutter greater than 5 tons/in.2 being shown also for comparison
purposes. It is seen that the criterion of nsgative 3F/3M, and aF/bals for
flutter, hcelds to & gocd approximation.

3.2 High stazger cascade

This cascade, of form 1004/20C50 and stagger -4y 2° vms tesied with
a tip clearance of 0.050 in. The bhlades' fundamental cauntilever freguencies
ranged from 334 4o 341 c.p.s. for the orizinal cascade, whilst those of the
replecement cascade lay between 366 and 377 c.p.s. The average logarithmic
decroment in free air was Q.00

3.2.1 Blade siresses

Typical plots of maximum altermating stress against anlet iMoach number
are given in Figure 7, from which it will be seen thot most of the stress
pecks appear to lie in the Mach number range 0.7 to 0.9, with additiomal
high stresses at the upper cnd of the kach number range. The maximum funda-
mental cantilever stress reached i1s 1224, tons/in.2 at the meximur air inlcet
angie tested, viz. 67.8° (i.c. ot an incadence of +14°). It vwill also be
notcd tnat flutter in the 2nd cantilever mode 1s again present (as wath the
medium stagger cascade) but at much reduced stresses, not oxcoeding £3 tons/in.2
In Pigure 8 are plotted the complete range of test results as stress levels
on a base of inlet angle and inlet liach number, together with the oscillatory
aerodynanic characteristics, Myy and Mpae On examimtaon of Pigure 8, two
of the mjor flutter regious are apparent, viz, choking flutter, minly above
the maximum iach number curve, and stalling flubtter, from about 56° inlet
angle ommards. There i1s apperently no distinet reghow attributable to
shock-atalling flutter. It should also be noted that severc stalling
flutter extends to a curtain extent below the cratical Yach number whereas,
in the case of the medium stegger cascade, no severe flutter appeared below
the criticel Mach number.

3.2.2 Aerodynamic forces

Sore of the results of the measurements of the mean blede tip
displacement, to winch the mean aerodynamic blade foree is proportional,
are plotted an Pigurc %, It is noted that while for the choking flutter
rezions aF/bmn is ncgative, the lag of the onset of choking flutter on
the beginning of the region of negative al /oM, is greater thon is the
case with the medlum stugeer coscade (Pigure &).

The curve of Firure 9(b) shows that the derivative 3P/8a,s &8
measurcd under oscillatory conditions, first becomes negative almost
precisely wilth the onset of stalling flutter, although within » degrees
1t becomes sharply positive and then negotive again. This second posk of
blade force 1s very close to the theorcticel stalling inlet ansle (62°),
but the doubtful accuracy of stalling i1ncidence predictions may reduce
the significance of this. The suggestion of a short ronge of negative
aT/aliy on the force curve for ay = 57.3°, Figure 9{a), together with
the appsarance of the mean stress contour diagram, Figure 8(b), might be
taken to indicate that the flutter from about 56.6° = 58° 1s 1n fact
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shock-stalling flutter. The shape of the force v. incidence curve of Figure
9(b) 13, howvever, repested for other values of Mach number both within and
without the flutter range, thus showing that the incideuncce stall at 56.5°

18 a brue incidence stsll, and not one induced by the proximity of another
flutter zone. Unfortunately the force curves for inlet cngles close to
57.3° have o scarcity of points in the I range 0.7 to 0.8 and so it is
1mpossible to verify the short range unegatlve aF/an of 57.3%°. 1t can ouly
be said, then, that while the blade exhibits stalling flutter from 56°

inlet cnple vmards, there is the possability that i1t clso shows shock-
stalling flutter during the initinl port of the stalling flutter regiom.

The gencral aisposition of regions of negative aF/3liy 2nd 3T'/day
ond their locrtion relative to regions of stress grenter than + 5 tons/n.n.2
w1ll be noted in Figure 6(b). 4s was mentioned above, the region of nepa-
tive 3F/3ln storts at o lover linch number compared with the onset of cnok-
ing flutter than is the case with the medrum starper cascade.

4.0 Theoretical aspects

Although the forces acting on a blade when stalled are very corplex
and almost impossible to calculoate, it 1s, however, instructive to moke a
simplified approach to the problem, iw the hope of revealing the mechonism
of the flutter.

Tt is assumed that the force F on the blade at any instant is a
function of the instontaneous dnlet nir velocity Vq + AVy and inlet angle
@3 + hay. By comstructing the velocity triangles for the system of a blade,
vibreting at right angles to its chord, in an incident sirstream, and by
neglecting any aerodynamic lag in the flow vectors, the following expressions
for the instantanecus inlet velocity and angle are obtained.

Vy + &V = V- x sia(ay - Z]) reeeeieia Ceeeeasaeas (1)
ay + day = ay - %% cos (ay = [Z]) evevereannn, Ceiieeerieaaas (2)
where ¥ = instantaneous blade velocity
= io cos wt
io = pexumm blade velocity
w = anzular frequency of blade vibration
¢ = blade stagger

Therefore the expression for the work done on the blade by the
incident airstream per cycle can be expanded as follows:-

el

4
\

Jo

F(Vl + AVls G:l + AU.l) ].C at
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™, ( AT at  cos(ay - lz1) .
= wVo ‘1 oM, e (al - lel) - cay ) 3y -+ ()
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where V5 = the acoustic velocity.

When the work done on the blade per cycle is positive, (neglecting the
effect of damping), the vibration is self-induced, ... blade flutter occurs.
From expression (3) it is seen that, according to the simple theory applied,
the prediction of flutter becomes a study of the derivatives eF/aMn and aF/bal:
flutter occurring when either or both derivatives have certain negative values.
Sections 3.1.2 and 3.2.2 have shown that the correlation both between negative
aF/an and choking and shock-stalling flutter, and between negative aF/bml and
stalling flutter, is good, the values of the derivataves being measurced under
oscillatory conditicns.

It will be noted from expression (3) that the relative contribution
ol unegative aF/an and negative aEV%al to flutter 1s controlled by ajp - ];‘.
Due 1n part to the inaccurncy of assessing the largs negative values of
0F/2higq that occur, as well as to the inadequacy of the simple theory, the
insertion of the experamentally derived values of aF/an and aFV%al in
expression (3) leads to & certain amount of discrepancy in the correlation:
of points of positive value of (3) and flutter. TFor example, having plotted
out the results of the medium stagger cascade tests 1n a form suitable for the
aoplication of (3), 1t was seen that there was reasonable correlation for
stalling flutter, near-correlation for some of the 1lst cantilever choking
flutter, but no correlation for the negative incidence, 2ud cantilever choking
flutter. This last discrepancy can, in part, be explained by the fact that
the expression (3) is bascd on the assumption of blade movemsnt at right
anxles to bladc chord, to which condition 1lst cantilever vibration closely
cpproximates, but from which the 2nd cantilever mode considerably differs.

5.0 Discussion of results

The ma1n conclusions to emerpge from these tests are thot flutter of
considerable mgnitude occurs with both the medium and high stagpger cascades,
and that three types of rlutter, similorly disposed with reference to the
aeradynamic charccterictics, coan be distinguished.

(1) Stalling flutter

This type occurs at incidences above gtall and 1s of considerable
extent. The forcc derivotive a3y®a1 15 mainly negative 1in this regioun.

(2) Shock-stalling flutter

This occurs at or jJust above the drag critical Mach rumber and
13 usually confined to warrow limits of lin and a1, the incidence being
Ilov. The force derivetive 3FAIl, is negative.



(3) Choking flutter

This occurs when the cascade 1s choked and exteunds over quite
a wide range of incidence, aF/an beilng negotive.

Whilst the shock-stalling flutter is quife distinct in the case
of the medium stagger cascade, it is thought that for the high stogger
canscade 1t is present within 2 small part of the atalling flutter repgion.
It 18 interesting to note that the small "pocket" of 2nd cantilever vibra-
tion at about 53° for the medium stogger cascade (Figure 4), which caws
within the category of shock-stalling flutter (see Figure 5,), 1s also
very close to and partly overlaps the stalling flutter regiom.

The apparent lower Mach number limit to stelling flutter cs shom
1n Figures 4 and 8, despite the fact that the region of negative aFAal
is not sunilarly limited (Fagure 6), might be taken to indicate that the
"workinz line" of a compressor stage could be desizned to pass, at high
incidences, into a flutter - immune area (ot low Mnch number). That this
is not the cose however is appareunt upon examination of Figures 3 and 7,
from which it is seen that even at very low Vach nunbers there is still
stalling flubtter of apprecisble stress.

Although flutter occurs at hizh stresses (up to X12 tons/in.z) n
the 2nd cantilever moce on the medium strpger cascede, it occurs only at
lowr stresses for the high staggzer cescade. In both cascades however, stnll-
ing flutter 1g predominnntly of the funiomental cantilever mode nnd is of
very high stress. The mximum stresses occurraing with all three types of
flutter are of sufficlent mapgnitude 42 couse blade failures within 2 very
short time. Choking and stolling conditions can be obtoined, under certain
opercting condiiions, in cormpressors. In particular it is difficult to see,
from these resmts, how stalling flutter conditions can be avoided im a
high duty compressor, opercting over n wide speed range. In acddition, the
shock-stalling flutter region is not very far removed from the nominal
design point of many compressor stoges and it is possible that an certain
circumstances e.z. at overspeed, some sections of the blades mizht be working
in that zZone.

The correlaticn of flutter zones with the negative values of the
oscillatory force coefficients aF/dM, oud 3F/0n; has been shorn to be good,
though better for the redium stagger than for the high stagrer cascade
(®igure 6). The comprehensive flutter criterion, deduced in Sectiom 4
from simple nssumptions, 1s seen to give good correlation for stalling
flutter only. At this stoge therefore, 1t would appear that 1t 1s more
realistic to use the individual behaviour of the experimental (oscillatory)
values of the force coefficients as flutter criterions, negative aF/bal
for stallineg flutter ond negative aEVéxn for choking cnd shock-stalling
flutter.

It should be emvhasised that the results here presentod derived
Prom cascade tests on bledes of constant thickness/chord ratio and aspect
ratro, and with similar material and root da.piny properties. The
chorocteristics thus evinced take uno 2ccount of the effect of these
parameters. It is felt however that the flutbter aspects presented for
these low camber cascades are of a falrly general rature.

6.0 Conclusions

This Report presents the results of the first part (viz. nedaum
and high stagger, low camber cascodes) of the present programme of



- 10 -

cascade flutter anvegtigation being pursued at N.G.T.E. Three main types
of flutter, stalling, shock-stalling and choking flutter are shown to occur
at stresses sufficiently high to cause early blade fazlure.

The gudy of the experimentally cbtained blade force derivatives
(with respect to My and o) 1s shown to gave good flulter predictiom.
More experimental data however, are requaired before the work can be put on
a quantitative bagis.
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