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SUMMARY

The tests reported here continue the cascade fiutver investigation
at N.G.7.E., the first part of which, already reported, deals with 20°
caxber bladea, medium end haghl. stagper cascades. Iu sgreement with those
test results, three main flutter zones, of high stress, are detected, viz.
stalling flutter, shock-stoliing flutber and choking flutter.  Thear
disposition, with reference to the serodynamic cascade characteristics,
is also in general agreement.

Good correlation of stelling flutter with the experimentslly deter-
mined blade force derivative with respect to incidence, is obtained, but
only incomplete correlation of shock-stalling snd choking flutter with the

blade force derivative waith respect to Mach aumber.
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1.0 Introduction

To incresse the svaileble amount of deta relevent to the problem
of plade flutter zn the axial-flow compressor, an iavestigation into
cagcede blede flutter cheracteristics i1s being undertaken at N.G.T.BH.
£ Repor} hos already been 1ssued (Reference 1) dealing with the results
from 20 camber blades, in medium and high stegger cascedeg,  This pre-
sent Reporv extends the comprehensive investigations to 407 cember bledes,
in low snci moediun stagrer cascades, Preliminary results on the low stag-
ger, 40 cenber cascade heve elready been given (Reference 2). A1l these
ccscades ere of 10CL sections, with circuler arc cember linss, blade as—
pect ratio of 3.0 and piteh/chord retio of 1,0.

2.0 Deseription of tests

2.1 legende deterls

The test blades were nnde in sitesl 8,1 and thelr method of con-
struction is indiceted in Figure 4, the blade forms being machined from 8.1
strip and then brazed ainto a root pletiform of mild steel as shown in
Seotion fd. This methoé of econstruction wes used to ensure high blade pro-
f1ls eccuracy and material consistency as well as being convenient for the
asgerbly of different stepger cascades, The blede material desping, as
manifested by deerement messurements of froe vibration an the fundamantal
cantilever mode, 1s higher then that for the cast blades which were used
for the tests of Reference 1, but 1s reasonably consistent. Two methods
of' assembling the blades in cascade were used. Inatielly the bledes were
brazed together et the roots as shown in Figure 1{a). Later, to improve
the accurecy of assembly ana glso to facilitete replacement of broken
bledes, the "plate-mounting” method of Fagure 1(b) was r dopted, the blades'
root pletforms being drilled, tepped and screwed to a base plate; the gap
between the pledes i1s then shimmed and soldered, care being taxen to "tin®
a1l surfeces adequately.

Both tyocs of cascade tested were made up of bledcs of section
100#/40050, ehord O.75 in. ang aspect retio 3,0. The low stagger Omgaﬂe
was set et a stagger of -24.5  and the medium stogger cascade at -3L.97.

2.2 Test technigques

The movement of the tip of one of the bledes when instelled in the
N.7. 1.5, No.6 High Speed Cascade Tunnel and when oscillating in the eir
etreem, is recorded optically by meens of laght reflccted from a small
mirror in the blade tip at 20 per cent chord from the leading edge.
The recording is mede on moving-film, =nd the anslysis of the record yields
blade vibration frequency, blade slternating stress and also the change in
the "mean" blade tip position {(which gives a messure of the mean aero-
dynamic force on the blade).

Test runs were mede at {ixed air incidences, reccrdings of the
blade fluttor and the relevant totel heed and static pressures being made
et surtoble increments of inlet air speed, The procedure was thus sica-
ler to that described more fully in Reference 1.  Typical blade tap
movement records sre shown in Fagure 2,



-l -

3.0 Test results

The cascades were tested over a wide ronge of ingidence and Mach
masber. The ilncriments of tunmel sstting angle Wers 17 end the i1ncidence
range of the tests on the low stagger cascade was -8 to +20° approximately,
thet for the medium stogger cescade being -6,5 to +16,5 approximately.

The meximan incidence attaingble 1s restraicted by the cascoade tunnel geo-
metry and is thus lower for the medium than for the low stagger cascace.

Flutter of the casczde blades was scen to oceur at almost all
incidences and wes of sagnaficant amplitude over a learge part of the dinci-
denees range, This severe flutter was noted to occur at speeds above the
critical iech number Mne , defined for the purposes of these tests as that

Mach number at which the pressure rise through the cascade, ﬂP/(Ptot - Pstat ),

begins to fell, This is thus 1n agreement with the results reported in
Relerence 1.

The flutter observed wes moinly of the fundamental (1st) cantilever
mode, and coused slternating stresses of as rmuch as *30 tonaflnf Iin
addition to this fundamental mode there occurred a certain amount of Z2nd
centilever mode vibration and elso, for the mediun stagper cascade, a nore
complex "diagonel" mode, confined to a small region at negative ancidence.
The stresses for the 2nd centilever mode wers mostly very small (less than

2 tons/ln.2 ) reechang, at certein condations, peak valuss of *2.5 tona/
n?, In the case of the "diagonal' mode (medium stagger cescade only)

the stresses rezched guite high values, viz. #17 toms/in? 411 the stresscs
quoted are root stresses, being deraved from the recordings of blade tip
movement (ot the mirror location), with the 2id of laboratory celibrations
under controlled excitetion conditions. The "pesk" stresses are the mexi-
ium stresses as recorded {during the exposure time of about 2 or 3 secondsper
condition), while the "mesn" stresses are o visual estimate only from the
spwme record.

J.1 Low stagger cescade

The bledes of this cascade are, in standard notation, 10CL/L0C50
act ot o stogger ongle of -24,5, and assenbled into cascede by the root-
brazing method of Figure 1{a). Two separcte cascedes were necessary to
complete the test range, the natursl frequencies of both cascedes lying
between 500 and 520 c.p.s., and with en averaze logarithme decrement of
L. 025, The tip clearance was 0.050 in,

3.1.17 DBlade stresses

flotted 1n Figure 3 are the meximum alternating blade stresses
against Mach number for gaven aar inlet anpgles. The stresses are seen o
be gensrally more scvere and extensave at the higher incidences, reeching &
peak of soproxamately 130 tona/inf ;3 (the ultimate tensile strengih of thas
steel 1s cbout 35 tons/ink ).  Figure 4 shows the recorded stresses plotted
as contours on & base of inlet Mach number and arr angle, together with the
curves of criticasl Mach nuiiber and mexizum Mach nurber Mpm, as evaluated
from measurements durang the flutter tests. The mexirum Mach number is
defaned s that at which the prossure rise through the cascade becomes zcro.

In agreement with the tests of Reference 1, 1t 1s scen that severe
flutter occurs in three main regions, viz. shock-stalling flubtter just
sbove the craticsl Mach number end from sbout 467 to 48Y air inlet sngle;
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stzlling flutter sbove the eriticel Mach nmurber and from 53° inlet angle
upwaras; and choking flutter, which ccours nainly above the maximm
Mach number, extending over glmost the whole of the pogitive incidence
range, The onsct of the stalling flutter 1s scen to oceur almost preci-
sely av the stzlling incidence, os indreated by the pook of the "force"
agaanst incidence curves of Figuce 5(b).

The inlcet angle (47°) rerked s ig (th.) in Figure 4 is the thoo-
retical stelling eir ainlet angle as orelucted using the dese sheets pre-
sented an Reference 3,  This theorsticsl stalling ancidence 1s, however,
tascd upon the use of the dreg coeffaicient ond this Tael (ns well ns the
basic inaccurazcies of the eveluation)probebly cecounts for the disere-
pancy betwzen the anlet engle equivalent to 1 (th.) ond the stelling eir
inlet angle as indacated by the peak of the eXpernxntell; detcrmined
force versus 1ncidence curves,

This particular cascade form 1s one on which two previons rrelimi-
nary tests heve been performed, tuae first of whoch 1s rerorted in Retorcnce
2 These other teats uscd cascades of cast blades (I?.E{. erom Mex,), of
somewhot less accurate form and stagger c¢te  then the steel strip blades of
this Repori, ana were much more restricted in range. L1t 15 znteresting
to compare the results of the three sets of tosis and Fagure b shows o
comperison of their contours of stress greeter then 10 tons/unl
1t will be noted thet the genersl spr.cuacnt is good.  An unexplained dlis-
crepalcy at the onset of the stallirn- flatter regions 1s, howsver, observed
ir which st21ling flutver Zor one of the cast cescades "intrucces” bsliow
itg craticcl ¥ech number curve. The deley in tne [oll of its cratical
liach nwiber with the inlet anpgle, in this region, 1s proosbly associa.ed
with this blade vibratio..

3.1.2 Blude serodynemic forces

By measuring the "mean® displacerment of the blade tip for
escn condition, & measuve of the mean asrodynamc force, ¥, on the blade
cen be cbtained (Section 2.2). A selection of the resulting curves of
Force F agsinat Mach number is plotied in Figure 5{2) and of force sgainst
inlet angle in Figure 5{b), the ordunates being scaled in tip Aisplacement,
to which ¥ 28 proporticnal.

[t will be noted that the curves of Figure 5(b) especially for the
lower Mach numbers, do not varticulerly resemble the usual two-uirensional
C, curves. This 1s probably due to the influeace of secondary flows ete.
in the three-dimensional experimentally derived force curves, togetner
with the 1naccurscies of measuring very small mean (steady) blade tip
movements with (at tises) superimposed large oscillating tip woverents.

The regrons of negative slope of tne force versus Mach nuwnber
curves, aE/aMh < 0, and of the force versus incidence curves, 3F/3u, < O
are vlotted on e base of Mach number and sir anlcet angle togsther with
some of the flutter contours in Figure 7{e). It w1l be noted that,
simzler to the findings of Referencc 1, thore 1s reasonably good cor-
reletion of shock-sizlling flutter and 6F/3in <0, end between stelling
flutter and 3F/8a, < O. Lt shouald be observed that the negotive slope
regions o5 plotted comprise all values of negative dE/aMﬂ and 63/5a1
and take no account of the mggnitude of thea slopz, Inspectzion of the
curves of Pigure 5(b) reveals the stelling air iniet angle as beang 53°
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epproximately, at which inlet angle severe stalling flutter begins {Figure L4).
There 13, however, only very pertiasl correlation between choxang {lutter
and 3F/3My, <O for this cascade,

3.2 Medium stagger casccde

This casecade was assembled from blades of form 10CL/4OC50 set at a
stagger of «34.9°, The first part of the test range was completed using a
cascade assembled by the root brezing mett~d of Fagure 1(n). The replace-
ment cascede, however, was of the "plate-nmounting" type, one blede replace-
ment an this cascede being needed to couplote the test ronee.,  All the
bledes coneccrned were in the rrequeney range 430 to 500 c.p.s. nnd wich an
avergge logarithmic decrement.of 0.02C0, The tip elesronce was 0,050 an,
approximetely.

3.2.1 Blode stresses

Some of the curves of meximum alterneting blade stress agoinst
Mach number ars pletted in Figure 8, from which it 1s scewn that the funde-
mental cantilever mode flutter stress rerches a peek of upproxumetely
+30 tons/in? The 2nd cantilever mode vececurs only to a very slight
extent, buing less than #. tons/an’ &t all conditions. There -s,
however, a small region of vabration i1n a mode of sliphtly higher frequency
then the 2nd centilever mode, whach reaches a maximum stress velwe of
*17 tons/in? The nodal pattern for this mods has the ssame gencral sppesr-
ance as the 2nd cantilever mode nodal pattei. s (see Reference 1 Lor example)
except that the "nodal line" 1s much more nearly a diagonal line of the blade.
This mode is thus referred to as the "diagonel" mede.

In Figure 9 the stresses are plottad as stress contours together with
the "oscillatory" criticcl and wexamam iach numbers. It 18 seen that the
pattern of thres main regions of severs flutter is meintained, viz. shock-
stelling, choking and stcllaing flutter. The region of Flutter an the
"diagonal" mode is distinet but lies mainly within the choking region.

Thus, in gen.rel, the disposition of the three flutter regilons is as before,
with the shock-stalling flutter gust apove craitiesl Meoch number and extend-
ing from about 54° to 60 air inlet angle, while the choking flutter extends
over & wide raonge of incidencs, positave and negative, end lics sbove the
maxtmun Mach number,  Comparison of Fagures 5(a) and $(b) indicates that
stelling flutter, in the mein, extends from ebout 63° air anlet angle
upwards. The stalling anecidence, s indicoted by the peek of the foree
versus aneidence curves of Figure 10(b}, 1s also 63°; the theorsticel
stelling ear inlet angle at 1g {th.), being about 57°.  The same expla-
notion of this discrsponcy as for the low stagger ccscade (Section 3.4.1)
probsbly holds. It wall be ncted that above zerc incidence, quite scvere
flutter occurs throughout the whole region sbove the eritical Mach numbcr.

3.2.2 Blade aerodynamic forces

Figure 10 shows some of the curves of blade mean tip movement
plotted against wach number ond ageinst inlet angle. As steted in
Section 3.2.1 tne magor peeks of the force versus incidence curvées ocour
at gbout 63° air inlet angle, this being equivalent to the stelling
incidence and coinciding with the beginning of stalling flutter. To
compare regrons of negative 81/eMp and negative aEVaa1 woth the flutter
regions, Figure 7(b) 1s plotted, If 1t is remcwbered thet the areas so
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plotted teke no secount of the magmatude of the slope of the derivatives
aE/aMn and 6376@1 , then it 18 secn thet there i1s rezsonably geood corre-
lation between the initisl pert of stalling flutter and one region of
neget.ve 9F/3w, , the other such regions being of lesser muanitude of
negative ¢¥/3%, . There 1s, though, no real correlation betieen choking
Tlutter andé negetive 3F/dly, and only pertisl correlation betwesn shock-
stalling rlutter and negative 3%/6My .

An xntercsting phenomenon wes cobserved at very hagh {lows at one
or two incidesnces cround the stell point, es exerplified by the foree
versus Mach manber curve for a, = 62,19 in Figurs 10(a). This shows
that the forece on the blade ot this very hagh spesd condition is unateble
and alternates between two widely separcted values. Fagure 2 reproduces
sore records cbitained under such conditicns, from which 1t will be scen
that the changeover from one condition to the other is cxtrenely rapid
and is irregular. Simlsr records were cbtcined at one or two other
nearby incidences. It 1s thought thot this phenomenon 1s the result of
flow detachment and re~sttachment as oceasioned by shock-weve movements
on the blade surface, similar oerheps to the shock-wave development, on
cascede blades faixed at both ends, as reported in Refurence .

L.O Tracussion of results

Three main regions of severe flutter are dastinguished {rom the
restlts of these tests on 407 camber blades, viz.:

(1) Stalling flutter, at incidences above stall.

{11) Shock-stallaing flutter, Just above the eriticel Mach
meabey, and 2t low incidences.

(111) Chokang flutter, extending over a wide range of incidence
and lying meanly sbhove the moximum Mach number.

Tt 18 sven that the stresscs in thesc ronges are large and copable
of causing blede faslure an a very short tame. Indeed, in general,
alrost the whele of the area above the “ogeillatory" critical Mach nurber
curve, and especially at positive incidences, is associcted with a szgni-
ficant stress loewvel. The dafferences in the criticed Mech nunbers as
reasured under "oscillatory" conditions and as messured with cescade
blades fixed at both ends are shown an Fargure 6, from which it is noted
taat the "static" criticel Mech mumber s within "scatter" distance of
the three "oscillatory" criticsl Mach number curves.  This indicates
that the blade vibration hos lattle effect on the eraticsl Mach number
(except in that cose where the blade movement 1s comperatively high).

It should here be mentioned tnal the ceasurement of the craticel iMach
merber un terms of the pressure rise tnrouygh the cascade 1s a less
accurate method than the more usual delermanation of the drag criticel
“foch musber, {as for exzample in Reference 5).

The ecorrelation of flutter zones wath the negative values of the
Yoscillatory" force dsravatives a7/slk, as shown in Figure 7, 1s seen to
be reasonsbly good for the shock-stalling fiutter but incomplete for the
choking flutter of the low stagger cascode. For the mediun stagger
coscede, the shock-stallaing regioa snd the "dizgon:l" mode flutter is
only perticlly correlated. Stelling fluttor for both cascades ocours
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zlnost precisely with regions of negative volues of 3F/3c, .  Thus at
would cpperr that the use of 3F/dkp rlone ns o criterion for choking =nd
shock-stalling flutter 1s inadequete, slthough giving good predaiction for
sare conditions.  Onset of strlling rlubter, however, zs well predicted
by volues of 3F/d7, sufficiently neg-tive. The simple theory, neglecting
dropany and phoge lop of flow vectors, as presented in Referunce 4 gives
tne condition for self-induced vibretion ~s being when

. i o
é;? *san (o - 1%]) + ;f cos \ﬁﬁ tzl) <0
0 mn Ty .i.n

from which 1t 1g apperent that for positive veluws of aF/aHn, 8F/ s,

must be less than a certein nepetaive quantity end not mercly less than
zere to gave flutter-prone conditions,

The disposificn end typ. ol thest flutter regrons with reference to
the serodynamic casracteristics i1s slualer to the tost rosults of the 207
eomber coscede of Rererences 1. As stated there, the irmplications of tucse
cageede fIuttor tests ere tnet the stoliing flutter conditions ere diffi-
cult to evoid in o high duty compressor cperatiny over o wite spoed ringo,
that choking flutiir,meainly st neg otive incidenes,might be pessible under
extreme conditions of compressor operation,and thot tne shock-stalling
flutter condition 1s cloasc to tne nomansl design point of some corprossor
stepes cnd might thus causce troubls at specds grester then design.

These results tooether with those reported an Rufierence 1 are bascd
on cascadés of ccnstent esoect ratio, thickness/chord retio, piich/
chord ratio and on the samc base profile, with circulsr arc cember lines.
The cheracteristics thus determined teke no account ot thesse naremeters,
the cffect of veriation in whoch wight well (lter the megnitude end extent
of eny rlutter, It 18, howevar, felt thet the genernl disgosition of tiw
flutter chiereeteriatics would be of the same noturc.

E.C Conelusions

This Rermort prescents the results of the sccond part of the present
cascede flubter progremac ot NLG.T.E,, viz. low and medium staogger, mediwn
canber coscades. The three mean types of flutter, stolling, shock-stalling
and cheking flutter as dotected in thic first port of the 1nvestigation
(Reference 1) heve been detueted in those toats. They give rise to stresses
high enough to causes early blade feilure ciod their gencral dasvosition rela-

; N R 5 .0
tive to the corodynaunce charscteristics s szmler to that of the 207 crmber
cegcade tezts,

The testz perlormed so for hove token no account of the perampeters
of asoecct ratic, thockness/chord rotio, raiteh/chord ratio, and the efrects
of thes: and other verisbhles roguire furtncr study. The simpl. uss of
the experrtmentelly detsrmmned Yescailletory" blade forece derivatives, witn
resp<et to vach nunber sand 1nict alr angle, hes been shown to pive good
flutter correlation for stalling flutter but incowplete corrclation of
chokaing ena shock-stalling flutter, A more slsborcte study of the total
blade forces zs necded to put this prediction on a gquentitetive basais.
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