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This Report describes an luvestigation into two of the major
factors governing the surcc of multistase axial compressors - the

mismetbching of the staves and tue soacing between them. T.e purpose is
T CINY o Yy

to contribute to a fundmasntal understanding of surging.

-

Two hilghly mismatched stages werce tested at five inters:

[

age
spenings oveor a wide ranse of Mlow cocfflcient, The results were com—
parcd with thosc of scporate tesis on cachh stage. It was found taat
t.cre was cougiderable muituald lawerforence as regards the surge bonaviour,
and the acrodynamic characteristics generddly were also affected, In
perticulor, at the lower spacings, btuc sccond stage congilderably delgyed
the surge of the first,

Jhesce results heve important implicetions, in the undersianding of

the mismabched operation of a single multistagze comprcesor and also the

operetlion of two compressors in scries, cos i1n a doublc compound enginc,
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1.0 Introduction

Consider a conventional multistage axial {low compressor operating
in a sub-design mismatched condition, If the flow is reduced whuile tie
speed 1is kept constant, the r'irst steges will eventually begin to act
inefficiently, probably producing comparatively slow pulsations of pressure
and flow, which con be aetected by suitable instruments, The final stages
however, will still be acting efficiently. In conventional terms, the
first stages arec said to be "stalled", this condition arising from the low
flow coefficients in these stages, and being analogous to the nigh loss
oneration of a cascade at high incidences,  Further reduction of {low will
result in a major discontinuity in the overall characteristics of the com-
pressor, accompanied by consideraple rise in noise level, This is usually
described as the "surge" of the whole compressor,

At this point, a cifficulty of definition arises. LI a single stage
is operated at a gradually reducing flow cocfiicient, .t may or mey not pro-
duce a major discontinuity in its acrod;namic characteristics; it may or may
not give a sudden chenge in noisc level; 1t may or moy not produce fluctu-
ations in the flow; but it will at some point begin to perform inefiici-
ently.  According to the conmventional defin.iions noted above, the opero-~
tion could be described es "stalled" or "surged", deponding on the degree of

hese phenomena and the preconceptions cof e obscrver,

In the author's opinion, "stall" ig best confined to its particular
use in the description of cascade operation, wnile "surge" should be used
to cover any ebnormal operation of a stere or scrics of stages, where the
abnormol operation is distinguishable Iroa normel operation by one or more
of several important charscteristics; it may or may not be oscillatory in
nature. This definition of "surge" is uscd in Refcrcnce 1, and will be
used in the remainder of this Revort,

Returning to the mismatched operation of a comnpressor, it seemed
highly probsble that the surge of the wiole compressor was a function of the
mutual inberaction between the surged and unswged stages; that the un-
surged stages would modify the surge of the remeining stages; aond tuat the
axial spacing between the stages was an important detcrminant of these
effects. Until now, howcver, there has been 1liltle or no information on
this subject, on either the theoretical or tne experimental s.ides. In the
absence of any experimental background, the difficulties in ihe way of a
theoretical approach sre formidable, and the present tests were initiated
as an essential step in the understanding of thicse phenomena.

Two stages with widely differcnt aerodynamic characteristiecs were
tested in the N.G.T.E., 106 compressor, scparately and in scries, in toe
latter case, the tests were performed with flve axial spacings between the
stages; thc stages were hignly mismatcned, since in the 106 compressor the
same flow cocff_cicnt is imposed on &ll stages,

It will be appreciated that the tests were an intent.onal exaggera-
tion of the conditions preveiling 'n & conventlional compressor, The mis-
matching between adjacent stages wes much more severe ond the axzal spacing
variation much larger then that ususlly encountered, While it Zs truc that
mismatching in a conventional compressor usually occurs by the imposition
of different flow coefficients on similar stages, =t is not tnought that this
is significant in assessing the value of the present tests.



2,0 Degcription of apoaratus

2.1 The compressor

The 106 compressor is described in Reference 2. It is a low speed,
miltistage machine of constant annulus dimensions and a diasmeter ratio of
0.75. The blade height is 2.5 in. and the mcan dismeter is 175 din,

At the running speed of 1500 rev/min, the mean blade speed is 1.5 f/sec
and the blade Reynolds number based on this speed is 0.65 x 10°,  The
blade chord is approximately 1.1 in. Any number of stages up to eight
can be employed and the interstoge spacing cen be veried within limits,.

In the present tests, the blades were of medium stagrer free vortex
design with 50 per cent reaction at the mean diameter, Design details of
Stage 1 are given in Appendix I, For Stoge 2y the staggers of the rotor
and stator blades were numcrically increased by 15°.  When Stage 2 wes
tested alone, the inlet guide vanes were left at the design staguer and
in the same relative axial positior as for the single stage test of Stage 1.

Figure 1 shows the general arrangercnt of the compressor assembled
with six stages, and Figure 2 shows the main Jdimensions of the assoclated
ducting and throttle., lurther details of +he blading arrangements in
these tests are given in Scetion 3.2.

2e2 Instrumentastion

Total pressures

Two five-point pitot combs spaced 180° apart were installed after
each stage and at the outlet end of the COPressSOLs Figure 3 shows the
axial position of the pitot combs for the various stage arrangements
tested. The corresponding tubes in the two combs were connected together
and to fluid manometer columns. The combs were yawed to give maximum
readings (which occurred nearly simultaneously on all the tubes) 8% a
flow coefficient slightly higher then that for which surge was first noted.
The inlet total pressure wes taken as atmospheric, an allowance being made
for the pressure loss across the inlet gauze where this was required for
exact assessment of the stage pressure rises.

Mass Flow

Four stabic tubes placed in the inlet annmilus were connccted to a
maenifold and thence to o Betz menometer, The readings had previously
been cslibrated for mass flow against a stendard orifice in outlet duct-
ing provided on a different test bed. On thes present bed there was not
sufficiernt ducting to allow the installation of a standard orifice; but
the ducting before ihne throttle was reduced in diameter and the pitot-
static difference in it was measured on another Betz manometer.  This
difference was plotted for each test against the inlet static depression;
it was found thav the relationship was linear so long as the compressor
was unsurged; compressor surge was found to alter the relationship con-
siderably, presumably by disturbing the inlet conditions, Surged {lows
were estimated by assuming the cutlet pitot-static difference to be un-
affected and using the linear relationship mentioned above,



Other measurements

The speed was neasured by means of a Hasler hand tachometer; and
the inlet temperaturc by a mercury-in-glass thermometer.

3.0 Test technigue

341 Genersal

It was found that reduction of the flow coefflicient eventually
produced audible pulsations, sometimes accompanied by discontinuities in
the pressure rise coefficient, No other major abnormality in the flow was
detected, The general definition of surge in Section 1.0 was therefore
restricted to mean "operation with audibvle pulsations™.  In some tesis,

a rapid pulsation preceded a slower pulsation, which usually persisted
down to zero flow, Surge was therefore divided into two categorics =
"rapid pulse" and "slow pulse", these providing practical criteria for test
purposes, It was not possible to distinguish, in the two stage tests,
between the surges of the individual stages; they were assuucd to surge
simultaneously. This assumption appears to be borne out by exandinstion of
the characteristics (Section (.2).

The {low reading at tie start of a discontinuity and a complete set
of readings at its finish were always noted. A1l major changes of noise

were noted, and two test runs were made with cach blading arranpeuent.

3e2 Blading arrangements

A normal six stage assembly of the compressor is shown in Iigure 1;
this forms the basis of the blading arrangements. For &ll of the present
tests, the inlet guide blades were left al their design stagger. For the
first two tcsts, (designated 'A' and 'B') one stage only was tcsted, in
the first stage position of Tigure 1; Tfirst with the rotor and stator
blades at their design stagger (Test 'A'); and secondly with the rotor and
stator bledes set at a stayger value 15° mumerically sbove design (Pest 'B!).
For the remaining tests, the blades of Suage 1 were saintained at their
design settings, while those of Staze 2 were set 15° hiher, and were
spaced successively in the positions ccrresponding to Stazes 2 to 6 of the
six stage build of Figure 1; these tests werc dosignated 'C' to 'Gf
respectively., Wigures 2 and 3 end the following table summarise these
arrangemcntbs.
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plane of Staye 1 stator blades and the centre plane of Stage 2 rotor blades,
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5,0 Test results

Lo General

The total pressure riasc coeflicient versus flow coefficient
characteristics for each test ore plobsed in Migurses /b to . Tiese
cheracteristics include the pressure loss ot irdet., Difrerent synibols

are used for each test run and those poinbds teken at increasing flow
coefficients are also indicated, The surge ornd unsurge {low coefficients
for each test are indicated atb the botoom of thic fuijures and the mean
velues for the two runs arc also maried cn the curves.  Where a flow
discontinuity exists at surge or unsurge, the [Low coefficients ab its
start and tinish ave indicated, the starting values being indicated by
dotted lines end the finishing values by full lines.

Subjective evaluations of the nolgc cmission are also indicated
in Figures L to 9, the discontinuitizs boing shown by shaded areas, 10T
both incrcasing and decreasing flow coefficients. The rapid pulse was
alwars rather difficult to hear, and wes recogniscd only with practice;
the frequency was cotimated at about 10 c.pes. (at 1500 rev/min).  The
slow pulse was estimated at about 4 c.p.s., and was less difficult to
recognise, although it tended to vary considerelly in intensity witi flow
coefficient; o fluctustion of the same frequency could sometimes be
detected on the manometer columms,  Both slow and rapid pulse frequencics
scemed fairly constent both from tegt to test and with respect to flow co-
efficient, In Tests 'BY', '¥', and 'G', ror some range. of flow coeffici-
ent, random fluctuations of noise intensity ard quellity were superimposed



-8 -

on the slow pulse, with sympetnetic variations in the manometer resdings.
In a typical case, succcssive peauws occurrced at intcrvals of about rive
seconds,

In Figures 4 to 9, smooth carves are deawn through the test points.
Generally, in the unsurged resions, there is less scatter of the points
than in the surped regions., In Figurcs 10 to 12 the curves are grouped
for each stage, and for the two stazes in serivs, ellcwance being made, 1o
facilitate comvarison, for the pressure loss across the inlet of the com-
pressor, Cnanges in dctaill ol the shapes of tie curves after the second
(slow pulse) surge, cspecially towards gzero flow, arc of minor importance,
not only because the present interest is mainly restricted to the sctual
points of surge and unsurge, out also because the precisc signifiicance of
the pitot comb readings in a pulsating flow is aot known, Figures 10 and 11
also show the theorctical mecan dismeter characteristics of the stages, based
on the methods of Refercences 3 and 4, and using a work-done factor of 0,86,
The theoretical stall points as defined in Refecence J, are also suown.

Le? Characteristics

Test A, Figureg L and 10

Surge is secn to occur well past the pcek of tac curve, and at a
lower flow than the theorctical meen diamcter slall, There are appreci-
able discontinuities at surpe and wnsurge, ohe end of thoe unsucge dis-
continuity being near the peek, No rapid pulsc surge was observed in
this tcst,

Test B, Migures /4 and 11

liere ouein, surge occurs past ihe peak of the curve, but at about
the flow coefficicnt of the theoretical stall. This thcoretical value is
the mean of the mean diameter values for the rosor and stator blade rows;
unlikc the design condition of Test 'A', thc rotor cud staetor blaacs are
subjected to different theorctical mcan diamcter cond.tions because of the
fact that the inlct guide blades were unchansed wiiile tae rotor and stator
blades were restaggered by 15°. No repid pulse surgc was obscrved in this
test.

Test 'C', Figurcs 5, 10, 11 and 12

The surge flow cosfficient of Stage 1 is scen to be mmuch reduccd
below its "single stace" value (Test 'A'), its value being in fact, that
of Stage 2 when tested alone (Test '2'). There arc considerable dis-—
continuities at surge and unsurge, thcse resulting in "hysteresis" loops
for both Stages 1 and 2. The charscicristic of Staze 2 does not peak,
but shows a rather sudden change of slope at Va/U = 0.40. wo rapid pulse
surgs was obscrved, At a flow ccefficient of 0,12, the slow pulse dis-
sppeared and gave way to a smoother sound, here was no ajparent corres-—
ponding change in the cheracteristics. o similer c¢ffeect was noted in the
succeedin, tests, wuere the slow pulsc continued Gown to zero Ilow.

Test 'D', Mioures 6, 10, 11, and 42

This is the smellest spacing at which the ropid pulse surge was noted,
occurring at a flow coefficient of about O.45. arked discont.nuities are
seen in the characteristics at both the rapid pulse and slow pulsc surge

1
A
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poxnts, the latter being accompenied by a large drop in overall pressure
risc,

Test 'K', Figurcs 7, 10, 11 end 12

There were no noticesble flow discontinuities at surge or unsurpge
in this test, eirther [or thce rapid pulsc or for the slow pulse conditions;
the slow pulse surge occurred at the peaks of the overall and Stage 2
characteristics.  There were, however, minor discontimuitics (nobiced
as appreciable changes in flow for infinitesimal changes in throttle
settings) unaccompanied by noticcable changes in noise, Slow random
fluctuations of noise, as described in Section 4.1, were obscrved at {low
coefficients below the slow pulse surge, The characteristic of Stage 2
is seen to exhibit a well defined pcak (abzent in Tests 'C' and 'D').
Figure 11 shows its veluc to be smeller than that of the corresponding
single stage test (Lest '8').  This 1s probably partly due to yhenomena
conneoted with the rgp.d pulse surpe; bubt 16 is to be expected that e sec—
ond stage msy have a lower work-done factor than a first stage.

Test 'FY, Figures 8, 10, 11 and 12

Although thore were no flow discontinuities noted during the test,
there is seen to be a considerable scatter of points in the region of ‘the
slow pulse surge point, which occurs nuer the pesk of the Stage 2 character-
istic; in fact the curve 'or Stege 1 as drawn snows a "break" at this
point, The slow random fluctuations oi’ noise and pressurc ageain cccurred
at low flow cocfficients.

Test 'G', Tigures 9, 10, 11 and 12

in this test, rapid pulse surpc was gbascent; smedl discontinuitiles
occurred st surge and unsurgze, Yhe slow random fluctuations at low
flows were again noted.,  Thc peak scen in the characteristic of Stage 2
in Test 'F' has bccome muech flatter.

General remarks

Examinotion of i res 4 to 12 shows that the cuaracteristic of
Stage 1 is alfected couparatively little in general shape by the presence
of Stage 2 at any spacing, whilc that ol Stoge 2 is greatly changed Dy
tae presence of Stage 1, and is sensitive to spacing, Lven et the
highcst spacing (Test 'G'), the cuaracteristics of both stages are differ-
ent from their single stage conformast.ons, and there is no evidence of
indepencent operation; for .nstance, at the single stace surge flow co-
efficient of Stage 2, the Stage 2 characteristic in Test 'G' is quite
continuous,

Le3 Variation of surge {low coefficients

In Figure 13, the flow coelficicnts at surge and unsurge have been
relsted to the interstapge spacing for both the rapid pulse and slow pulse
SUTrges, Discontinuities are alsgo indrcated. Also shown are the corres-
vonding [lows in th: two stages when tosted individually (Tests 'A' and
'R'). The figure emphesises soversl »o.nts ol consliderable interest:-

. . s
(a) At the lowest interstage espacing silow pulsc surge (only)
occurs ot armroximatsly the indavidual surze flow coeffici-

2
ent ol' the sccuvi staxe, At oo highest spacing it occurs

at that ol the firet stage.
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(o) Between these two cxtremcs there is a gradual variation of
slow pulse surge flow coef{icient; but taec slow pulse surge
is preceded by the rapid pulse surge, wirich for the higher
spacings occurs at approximatsly the single stage value of
the farst stage.

(c) The slow and rapid wulse unsurge flow coefficients vary in
a similar manner to thosc of the surgc coefficients.

(a) At the two lower interstage spacings, there are considerable
discontinuities in flow coefficients at wnc slow pulse surge
and unsurge. Thosce disappcar at the next two higher spac-
ings; small discontinuities reappear st the highest spacing.

(e) Discontinuitics at tue rapid vulse surge and unsurge {low
coefficients are cxhibited {or the lowoer spacinss only.

5.0 Discussion

The fceature of outstending immortence in these tests is the suppres-
sion of the first stage surge oy the second steagc at the lowecst spacing.
This result is of greoat significance, and has not previously been demonstra-
ted with any certainty. 1t is nccessery tunercfors to consider its mecha-
nism in somc detail, This is done in Scctions 5,1, 5.2, and 543 Section
5.4 discusses discontinuitics, and Section 5.5 the wider implications of
the resulis.

5.1 The rotatin~ stall ccll

Work on other compressors using hot wire techniques suggests that
the surge observed in the present tests was caused by onc or more rcgions
of stalled flow extending partially or fully across the annulus but limited
in circumferential extent and rotating at a fraction of the compressor
speed, in thce same dircction as that of thc rotor. The usually accepted
qualitative explanation is the "blockage" theory. Considering a row of
blades operating at an incidence necar to the stalling velue, one or seve-
ral adjacent blades are supposed to stall, he local prussure loss in
the stalled region (or "stall c¢~11") interacting with the flow field about
the rest of the blading results in a local rcduction of flow through the
stall cell. The stream lincs approaching the rcgion thus diverge about
it as they approach the blading, the divergence causing a local incredc:
of incidence on one side of the region and a local d.crcase on the other.
Thus on one side the blades tend to stall and on the other to unstall;
the not result is that the stall cell travels circumferentially round the
blade rew at an approximately uniform rate, TFigurc 14 illustrates the
effect diagramatically and shows that the direction of rotation of a stall
cell is relatively the same for both rotor and stator rows.

In practice, more than one stall cell may develop around the annu-
lus, all rotating at the same speed. Quantitative theoretical approaches
to the general problem (e.g, Reforences 7 and 8) while attempting to pre-
dict the speed and other characteristics of propagation have not yet so far
predicted the number of cells in an annulus.

In the present tests, thec change from the "rapid pulsc" to the "slow
pulse" condition may have been due to a change in the number of stall cclls,
a change in their speed of rotation or a combination of both these factors.
A detailed flow cxamination (e.g. by using hot wirc tcechniques) would be
necessary in order to determine which explanation is corrcct.



5.2 Discontinuitics

Since a discontinuilly occurs with zero change in the throttle
setting, both the start and finish should lie ou the throttle characteris-
tic corresponding to that setting. In general, throttle characteristics

- - AP - (Va2 . . .
arc of the parabolic Torm TEEE = K \II/ where K is the function of the
,2_

throttlc setting if the blade velocity U is constant, and may be plotted
on the comprsssor charactceristic sheet. Now, considering the overall
characteristic of Fipurc 5, a line joining the extromitics of the “Va/ﬁ
decreasing” discontinmiity will cut the "Va/ﬁ = 0" at a positive value of
AE/;,UZ; thus the extremitics could not lis on a single parabola through
thezf'egion. The probable explanation is that when rotating stall cells
are present, the throttle characteristic (which includes all ducting
losses) refcrred to the pressure rise as measurcd in thesc tests, has a
differ=nt form to that for stcady flow for the samc throttlc setting.

The minor discontinuitics noted in Test 'E' are probably duc to
small sudden changes in stall cell pattern. The larger discontinuitics
shovn at low spacings (Figure 13) suggest that the chanve of flow pattern
is more abrupt than at the higher spacings. In Reference 11, it is
stated that a surge discontinuity is associated with the sudden incuption
of root to tip stall cells, i.c. coveringz the whole annulus width whilc a
change into the surged condition is duc to the grodual spread of the stall
cells acrocs the aunnulus from (say) root to tip.

he3 Implications of the results

Considering the sub-design mismatched condition of a conventional
corpressor, the prescent tests show that stall cell formation in the first
stages will be considerably influcnced by the later stages. This int'lu-
c¢nce will depend on the distances between the first and the later stages,
on the working point of each stauc rclative to its surge point (i.e. the

cgrec of mismatching) and orobably on the slopes of the individual stage
characteristics.  Extending the argument further, thesc same factors will
govern the surge of the whele compressor, assuming that the latter is a
function (at present unknovm) of stall coll propagation through the com-
pPressor., A quantitative theoretical basis will of coursce be rcauired for
the purpose of predicting these c¢ficets accuratcly.

A point of dmportance in some alrcraft applications is in the
operation of two corpressors in scrics, as in a double compound enginc,
The rcsults strongly supzest that under some conditions of opcration, the
surgc lines of the compressors may be considerably different to lLhose
obtaincd on individual rig tests, especially viicn the axial intcr-
compressor spacing is small,

£,0 Conclusions

Two mcdium stagger froe vortex stages were tested singly and in
series, the sccond being of identical blading to the first, but re-
stoggered to give a considerably lower surge point flow, The axial
intorstage spacing was varied from 1.6 chords to 14.7 chords in five cqual
increments,



- 12 -

It was found that at thc lowest spacing surge occurred at the
single stage surge point flow of Stage 2, the surge of Stage 1 being com-
pletely suppressed until this flow was rcached. At the highsst spacing,
surge occurred at the single stage surge point flow of Stage 1. At
intermediate spacings, there was a continucus change of surge point flow
between these extremes; but in addition, the normal surge was preceded by
a less noticeable surge, characterised by a more rapid pulsation and a
smaller effect on the stage characteristics,

At all interstage spacings, the stage characteristics were distor-
ted from the shapes found in single stage tests, the effect being greater
on Stage 2 than on Stage 1. Tt is thought that the surges in these tests
were due to the presence of rotating stall cells.

Although the direct practical usc of these tests is limited, since
the spacings used arc larger than those normally encountered, it 1is
thought that they are significant in the understanding of the surge of
mismatched multistage compressors; in particular they serve to emphasise
the importance of the later stages.

Finally, the tests have a bearing on thc operation of two com-
pressors in series, as in a double compound engine, and suggest that there
may be mutual intcrference between the two, especially as regards the
surge condition.
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NOTALTON

blade speed at mcan diameter

axial velocity

total pressure rvise

density

blade chord

blade pitch

blade maximum thickness

alr angle measursd from the axizl direction
blade angle measured from the axial direction

bladsz canber

Suffice_g_

1 belore rotor blade row
2 after rotor blade row
3 before stator bladce row

4 af'ter stator blade row
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Blade design details

The blades were of free vortex design (design flow coefficient = 0.667;
50 per cent reaction at mean diameter), with details as below. The section
was Cl on circular arc cember lines; the blade height was 2.5 in. and the
mean redius 8.75 in.

The rotor has fifty-eight blades and the stator sixty so thet with
blades of 1.14, 1.10, and 1,06 in, at rovt, mecan, and tip respectively, the
details are as follows:-

Rotor
/v 0.674 1.0 1,14
B, 39.2 46,5 50.6
B, ~3.5 15,6 32,0
e 427 30.9 1.6
s/c 0.726 0.862 1,020
t/c 0,12 0.10 0.08
@, 5e5 23l 3748
Stator
*/ 0,860 1.0 1,125
B, 52,0 b6,1 42,2
P, 18,6 15.9 140
8 334k 30.2 28.2
s/c 0. 7hs 0.833  0.905
t/c 0.10 0.11 0.12
a, 26,7 234 2141
inlet Guides
T/em 0.86 1,0 1,125
8, 0 0 0
B, -31.6 ~-28,2 ~-25.9
e 31.6 28,2 25,9
s/c Ou7hs 0.833 0.905
t/c 0.10 0.11  0.12
a, 2647 2%3.4  21.1
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