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This liemorandum pregsents tho results of a scrics »f low apecd tests
on 6 stages of a medium stagger froe vortex design of axri.l compr.suor blad-
ing, in whnch tne stagger of the stator blades was varisd over a wide range
while the rotor blade stagger rewmained at its dewaign fagure,

It 1s shown that efficiencies in excess of 35% were achieved over a
range of stator blade stagger from - 50° to + 10°, corparcd with the design
figure of - 25.4°,

This performance augurs well for the iluprovement of the performance
of axaial fleow compressors away from their des.gn point by the method of

altering the stator dblade stagger in some of the stages.

iD

-

RESTRTA



-2 - Memorandum No, M, 100,

P_a'._gg
1,0 Introduction 3
2.0 Test Procedure 3
3.0 Dascussion of Results 3
3.1 Overall Characteristics 3
3.2 Rotor and Stabor liean Incidences 4
L,0 Application to Matching Problems 5
5.0 Conclusions 5
References 5
Circulation 6
Appendix I Table of Blade Angles at Design Stagger 7
ILLUSTRAT IONS

Fig. No, Tatle SK, No.
1 Details of Blades 16555

2 Layout of 6-stage Compressor ‘ 16556

3 Pressure Rise Characteristiecs 16557

b Isentropic Efficiency Cheracteristics 165538

5 Pemperature Rise Characteristics 16559

6 Maximum Efficiency at Voraous Stator Staggers 16560

7 (Assumptions for Incidence Calculations) 16561

8 Hean Rotor Incidence Variation 16562

9 Mean Stator Incidence Variation 16563

10 T ~zimum Rotor znd Stator Incidences 16564

14 7.~k done by Rotor 16565



-3 - Memorandum No, M.100.

1.0 Introduction

T

Vhen an axial compressor 18 operated away from i1ts design point, the
matching between =iccessive stages deteriorates owing to the aincorrect flow
areas and air angi=s at ithe new conditions, with consequent loss of perform-
ance. One method of reducing these 111 effects 1z to alter the stagger of
the stator blader i1n some of the rows in order thet the blades wmay operate
at more favourable iLaci lences, It .5 therefore of interest to investigatle
the rance over wh.za the stator blade stagger may be altered without seriocus
logs of erticiency.

Tests have therefore been carried out on a medium stagger frees vortex
design of blading, in which the overall characteraistics of the compressor
have been measured for ecach of a series of stator blade staggers, the rotor
blades remaining fixed at their design stagger.

2.0 Test Procedure

The dctazls of the blades tesgted are shown in Fag., 1. For all the
tests, the rotor blade stagger was - 36.2%, while the stator stagger wos
changed from 1ts design value of - 25.4°, Characteristics of pressure rise,
temperature rise and isentropic efficiency were measured for otator blade
staggers of - 55%, « 40°, - 25,4%, - 10°, + 5% + 20° and + 30°,

A1l the tests have been carried out on the low speed experimental oom-
pressor! bullt up as showm in Fig., 2 wath six stages of bladang arranged
with an axzal clecrance between successive blade rows of approximately %3
mean chord, The charncteristics were all measured at 1,500 r,p.m. except
that with a stator blade staggsr of + 30°, This had, because of power
Timtations on the dynamometer, $to be messured at 4,300 r.p.m.

The pressure raise recorded was the wean of a comb of 5 pitot tubesm
spaced across the annulus, the comb having been yawed to approximatelr the
mean airstream direction for each stator blade stagger. The terwperature
rise was compulbed from the measurement of inpubt power and moss flow.

For each value of the stator blede stagger, the air outlet angle from
the inlet guide blades at mean diameter was arranged to be the sawme as the
nominal air outlet angle from the stators, This involved resetting the
exissing inlet guide blades for the negative stagger settings, and the use
of reset stator blades as anlet guide blades for the positive stagzger set-
tings.

The details of the blades tested .re shown i1n Fag, 1, The desagn of
these blades followed conventional lines, being of medium stogger free vor-
tex type, with constant work done and axial velocity at all radii, Sance
the compressor amnulus is untapered and the change in density through the
compressor is small, the blades in all the stages are identacal,

3,0 Discussion of Results

3.1 Overall Characteriatics

The overall characterisiics are shown plotted non-dimensionally in
Figs, 3. & and 5 the most striking feature of these results 1s the very wide
range of stator blade stagger over which the compregsor opsrated at high
efficiency.

There are¢ two factors whose influence on these plotted results was not
considered 1n the computation, Iirstly, the torque reaction of the dynamo-
meter which was used for calculating the compressor efficrency includes the
bearing friction and skin friction on the ends of the compressor drum,

These have been allowed for by assumng a constant mechanical efficiency,
However, as the power absorbed varies over a wide range at constant rota-
tional speed, as in these tesls, the mechonical efficiency will certainly
not remain constant, At the high negative staggers, the bearing losses ete,
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consume a considerable proportion of the total input power, this proportion
decreasing as the stagger is changed towards high positaive values, An estim-
ate has been made of ihe bearing losses and the maximum test efficiencies

have been corrected for this to give a better picture of pure blading effic-
iency. This is represcented by the dashed curve of Fig, 6.

The second influence ig that of Reynclds number, Previous tests on
thiz blading have shown that this paramster has a considerable effect on the
bladang efficiency and although these tests w. e conducted over a range of
Reynolds numbers clear of the worst effects, there gtill appeors to have been
o noticeable effect, An estimate of the magnitude of this effect has been
made on the assumption that the previously measured variation of maximum
effrcaency wath the rotor blade Reynolds number? could be applied to these
tests, using the mean of the rotor and stator blade Reynolds numbers, and the
results have been corrected on this basiz to & common Reynolds number of
0,65 x 102, this beang the value at the design stator stagger,

The dotted curve of Pig, 6 shows the results fully corrected for these
two variables and it may be seen that the apparent increase in efficiency
between the design stagger and sbout - 5° has been accounted for by the
corrections,

The wide range of stator stagger over which the efficiency remained
about 85% can be seen to cover from - 50° to + 10°, while the maxamum effic=-
iency of 89.5% wos achieved at thc design sctting of - 25.4°,

3.2 Rotor ard Stator Incidences

The two-dimensional 'cascade' characteristics of the rotor and stator
blades have been calculznted by the method given by Carter in Ref. 3. From
these characteristics, the mean incidences on to the rotor and stator rows
have been estimated, assuming uniform flow,

The curves thus obtained were simlar to those of FPigs, 8 and 9 but
the rotor incidences showed a peak value the severity of which appeared un-~
Jugtificd espccrally at the design volue of the stator blade stagger. Thas
peak disappeared if the assumed doviation at incidences greater than the
optimun was reduced, The incidences plotted have therefore been calculated
on the assumption that the increase in deviation at ineidences greater than
the optimum was 30% less than that given by Carter, Beyond the peak deflec-
trion uf the cascade characteristics estinated in this way o constant value of
deflection was assumed, These assumptions are 1llustrated in Fig. 7.

The rotor and stator incidences calculated in this mermer are shown in
Fige, 8 ond 9 and the values attained at the surge points are plotted an
Fig. 10, It wall be notrced that at haigh negative staggers, the onset of
gurgaing appesrs to have been dactebed by the incidence on to the rotor blades
having resched its stalling value, irrespective of the stator aincidence, At
negative staggers lower thon approxamately - 30%, however, the rotor blades
did not reach the stalling value and surging appears to have been controlled
by the stator blades, although these cstimoted incidences suggest that the
stolor blades dad not couse the compressor o surge until they hed consider=
ably cxceeded the stalling incidence,

Another curve of anterest which has been deraved from these calcula-
tions is shown in Fag, 11, Here the rotor "work done" estimated from the
¢ mpressor characteristics is plotted against mean rotor incidence, and it
18 shown thot until rotor incadences of greater than + 2 are reached, all
the various stator staggers yield the sane curve, Beyond this there appsars
a variatisn which natches the vorzation in surging incidence of Fig. 10,
The curve does shuw that, as a good approximtion, ver o very wide range of
stator stopger and hence of inlet conditions to the rotor, the mean perform-
ance of the r . tor based on sirple considerations of uniform flow i1s independ-
ent of the stator sbagger, and dependent only on the mean inlet condataions
to the rotur,
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L,0  Application to Matching Problenms

The results of thesc tests suggest thut varyang the stogger of the
stator blades in some or all of the rows of an axial flow compressor may be
an effective meilhod of achieving o considerable improvement in the perform-
ance of the machine away from the design point,

Thus in most gas turbine applications of axial compressors designed
for high pressure ratios a sgerious troiole encountered at low fractions of
the design speed is stalling of the farst stapes., These teats show that
unstalled hiph efficiency flow can be maintoined in these carly stoges by
altering the stasycr of the stator rows, while st1ll retaining a reasonable
stage pressure rise.

In an application of an axaal compressor in which a low surging mass
£low 1s not o maJur object of the design, even more advantage of the wide
sperating range might be token, Thus, 1f the first stages could be allowed
to operote at their optlmum'vg/U, later stages could probably be made to

match by changing the stator blade stagger towards high positive values with
consequent increase of work done at good efficiency,

In yet another application an cxasl comprossor draiven by o variable
speed motor could be designed to opercnte efficiently at fixed pressure ratis
over a wide flow range {of the order Of 3 or 4 to 1), Alternatively, 1t
mght be arranped to cover a widce rog,e OF preossure ratis at one flow quoant-
1ty.

5,0 Conclusions

The results uf this series of tests show that the efficiency of an
axial compreseor stage 1s not adversely affected by altering the stagger of
the stator blades over a wide range., Efficicncics of 8% and over have
been recorded for changes in stotor blade stagger over a ronge from - 50°
t, + 10% with the noximun effaciency at the design stagger of - 25.4°,

This ability of the blades to operate at high efficiency shows that
the matchang, cne with another, of the stages of an axzal compressor may be
ioproved by adgusting the stagper of the stator blades,

Estimated rotor and stator blade ancidences aindacate that the snset
of surging ney be controlled by the stalling of either the rotor or stator
blades, although stallang sppcars to be more critiecal on the rotor bloades
than »n the stator blades,
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SPPmOLE T

Table of Bleds angles ot Desipn 3tasper

Rotur DBlade

Rodius | Carber Stagger | Pitch/Chord Retio
Lot 5/C
7.5 #1.0 | -23.4 0.712
8,13 33.7 | -30.5 0,787
8.15 26.5 ~36.2 0.362
9,38 20,1 ~i1.0 0,942
10,0 ? th,9 e 8 1,02
L
g Stator Blade
Radius ¢ Carber | Stagger | Pitch/Chord Ratio
" 8/0
7.5 ! 37,7 -28.,6 0.740
8,13 36.0 -27.0 0,735
8.75 34.0 ~25 .k 0.833
9,38 32,3 -23.8 0.876
10.0 . 30,6 -22.2 0.918
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PRESSURE RISE CHARACTERISTICS
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FIG.6.
MAXIMUM ISENTROPIC EFFICIENCY.

6 STAGES 1500 R.P.M.
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FIG.10.
MAXIMUM ROTOR AND STATOR INCIDENCE.
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