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Two stages of low speed, low stugger blading were tested at mean
diameter pitch/chord ratios of 0.49, 0.66 and C. Jip. Contrary to the
indications of some earlier published work, there was no significant fall-
off in efficiency at the lowest pitching, and the trend of the performance
was in line with that predicted by simple theory.

These results have a considerable beariag on the compression of
light gases, where low pitch/chord ratios are necded to produce high stage

temverature rises, in order to keep the muaber of stages reasonably small.
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1.0 Introduction

In compressors intended for use with light gases (e.g. hydrogen or
helium), it is desirsble to design for a high stage work so that the mumber
of stages may be kept to a reasonably low figure. The high specific
heats of these gases (e.g. 1.24 helium) result in low stage temperature
rises for given work inputs, stage work being a function of stage veloci-
ties and geometry, both of which are usually confined within fairly narrow
limits. Since the overall temperature rises required are of the same
order as those for air compressors, a large number of stagés may be
necessary. This could resul{ in high costs and &lso in mechanical diffi-
culties, particularly those associated with low whirling speeds.

There are several methods of increasing the stage work; they are
reviewed in Reference 1. Cne is to design for a high axial velocity.
Since the peoraipheral blade speed is limited by stress considerations, this
approach results in "high Vg/U" or "low stagger" blading, if blading of
approximately 50 per cent reaction is congidered. The magnitude of the
axial velocity may be limited by the permissible entry and cxit losses and
also by Mach number effects on the blades. The latter are less likely to
be encountered with light gases however, as the sonic velocities are high
compa§cd with that of air (3240 ft/sec for helium, 1100 ft/sec for air at
2880¢C).

Another method is to use lower pitch/chord ratios than are currentdy
employed in the blading of conventional compressors. Reduction of
pitch/chord ratio enables a higher deflection and therefore stage work to
be obtained - see for instance Reference 2. Here again, Mach runber and
choking dirficulties which may arise with alr at small pitch/chord ratios
are less likely to be encountered with the light gases.  There 1is,
however, little published informetion on the performance of compressors
designed with low pitch/chord ratios, and some tests reported in
Refarence 3 have suggested that at least with medium stagger blading,
stage performance falls off sharply at the lower values (e.g. about 0.5)
in a manner which is not predicted by simple theoreticel methods?.

The purpose of the present tests wes to compare the performance of
low stagger blading at low and conventional pitch/chord ratios and to
find if any performance change could be predicted by conventional methods.
In particular, it was desired to find whether therc was any large drop in
performance at the lowest pitching such as that described in Reference 3.
The tests were carried out in air at low Mach numbers on two stages of
blading, no facility being aveilable at the time for tests on a larger
number of stages.

2.0 Apparatus

2471 The compressor

The 108 compressor is a low speed machine of constant anmulus
dimensions. It is described in detail in Reference 4 and a layout is
shown in Figure 1, the assoclated ducting being shown in Figure 2. The
outside diameter is L0 in. and the inside/outside diameter ratio is 0.7.
For the present tests, two stages of blading were used.  The maximum
running speed is 900 rev/min, this giving a Reynolds number of 2.1 X 10°,
based on the blade chord and the mean diameter blade peripheral speed.
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202 The blading

The blading was that described in Reference 4. It was originally
designed for free vortex conditions with 5C per cent reaction at the
inside diametcr and a mean diameter flow coefficient of 0.0. The blade
chord was 3 in., giving an aspect ratio of 2.0. The blade profiles were
Clk on a parabolic (P&O% camber line. Full details are given in
Appendix I. For the present tests, tiae roots of both rotor and stator
blades were modified and spacers were p: 'vided so that tests could be
carried out with 72, 54 and 38 blades/cow, the stagger angles being
unchanged. The inlet guide blades were kept at the original figure of
48 blades/row. The pitch/chord ratios for the rotor and stutor blades
at the mean and inside and outside gauge diameters are given below.  The
goneral appearance of the blade passages for the /2 and 38 blade builds
is shown in Figure 3. In all tne tests, the numbers of rotor and stator
blades were equal.

Position i.d. . d. o.d.
jameter (in.) 29 Al 39
s/c (72 blades/row) 0.2 0.49 0.57
s/c (54 blades/row) 0.56 0,65 0.76
s/c (38 plades/row) 0,80 0. 5k 1407

The blading is fairly described as of the "low stagger" veriety,
slthough ths effect of the 50 per cent rcaction condition at the inside
diameter and the free vortex twist is to put the rotor meen diameter
section, when considered individually, into the "medium stagger" category
(air outlet angle in the 20° to 35° range). For the 54 blades/row build,
the theoretical mean diameter air outlet angle is 4.6~ for the rotor and
1.5° for the stator, the mean of these two velucs being 13.1°.

2.3 Instrumentation and measurements

Mass flow was measurcd by means of a venturi in the delivery
ducting (Figure 2), which had previously been calibrated by detailed
traversing. Torque was measured via the reaction on the stator of the
driving motor, which was swung in trumnions., The bearing friction
torque was estimated by measuring the torque at a series of low speeds,
et which the aerodynamic torque was negligible, and extrapolating to
zero speed.  Speed was measured by means of a tachronometer, a device
which times a known number of revolutions. Static pressures were
measured at nine points round the circumference of the casing after the
inlet guide blades and were used, with the measured mass flow, in the
estimation of the inlet total pressure. The total pressure after the

lading was estimated from the readings of four nine-point pitot combs
equi-spaced round the anmulus, two chords dovnstream of the second-stage
stator blades. TPressures were indicated on Betz manometers and sloping
water manometers.

3.0 Test procedure-

For each blade pitching, the mean characteristics of the two
stages were determined at speeds of 900 and 500 rev/min. In addition,
measurements were also made at 250 rev/min for the 72 and 38 bladeq/row



builds. Two separate testc were run at each speed to provide an indica-
tion of the likely scatter oi the test points.

The mean stage characteristics for the thres pitchings at 900 reviin
are presented in Figures L4 to 6, and those at 500 rey/min in Figures 7 to 9.
Figures 10 and 11 swmarise the results for the two speeds.

heQ Discugsion

Lol Limitations of tests

The tests should be regarded as comparative only, the absolute
values of the overall parameters being of somewhat less significance.
There are three reasons for this:-

(i> In the forque estimation, it was not possible to allow
exactly for the bearing friction torque., An allowance was
made as described in Sectinn 2.3, but the friction torque
of ball bearings is known to vary with speed and axial
loading, although not in an easily determined menner. Any
errors would, however, be practically the same for corres-
ponding tests.

(ii) Tests on one or two stages are alweys open to doubts because
small irregularities in the flow pattern can easily give
rise to pressure variations which are significantly large
proportions of the necessarily small overall pressure rise.

(iii) FEven in the absence of the previous two considerations, it
is well known that one or two stages when operating in
isolation may give a significantly different performarnce
from that when they are part of a series of stages as in a
multi-stage compressor.

Allied to (iii) is a possibility which could invalidate even the
comparative significence of the tests. It is conceivable that velocity
profile deterioration though a number of stages could result in much
greater deterioration of performance in the later stages in (say) the
close pitched than in the wider pitcned blading. The effect would not be
observed in tests on a aiell nuber of stages where the velocity has not
sufficiently detcriorated.

These limitations being borne in mind, the authors feel that the
conclusions of the present tests are significant and encouraging.

Lo2 Mean stage performance

The scatter of the test points is seen to be reasonably small in
Figures 4 to 9. The surge flow coefficients shown are the mean values
for the two tests, the difference between the two being in general under
1 per cent. The mean curves indicated in Figurcs 10 and 11 can therefore
be taken as giving a fair representation of the performance at 900 and
500 rev/min respectively. Figure 12 shows the theoretical low speed
characteristics at the three pitchings. These are derived from the data
of References 2, 5 and 6. Figure 13 presents three leading parameters
as functions of mean diameter pitch/chord ratio for the 900 rev/min,

500 rev/min, and theoretical performances. Thesc parameters are:-



(a) The peak efficiency.
(L) The flow coefficient at the peak pressure rise coefficient.

(c) The temperature rise coefficient at a flow coefficient of
1,15 times the value given by (b).

The peak pressure rise coefficient represents the limit of stable
operation. For the 72 and 54 blade pitchings, it occurs at the surge
point; for the 38 blade pitching, surge occurs at a lower flow coeffi-
cient, but it is felt that operdtlon between the peak pressure rise and
surge would be ill-advised in a practical case; there was in fact
evidence of minor instability during the tests. For the theoretice
performance, it is common practice to take the surge as occurring at the
peak pressure rise coefficient in %“he absence of contrary information
The tenperature rise coefficient at a flow coefficient 1.15 times th
value at the peak pressure rise can be regarded as an acceptable wor. .ng
value.

Comparison of Figures 10, 12 and 13 shows a good agreement of
trend though not of detail between the test and theoretical performance
at 900 rev/min.  In particular, neither the test nor the theoretical
results show a large fall-off in peak efficiency at the lowest pitching.

The theoretical characteristics were calculated for a work done
factor of 1.0. Comparison with the test results apparently shows the
test value to be even higher.  This phenomenon has been noted before in
this compressor, and is discussed in Refereunce L. It has no importance
in the present tests.

Comparison of Figures 11, 12 and 1% shows the same general trends
at 500 rev/mln although the pea& efficiency is lower and the surge flow
is lowest at the intermediate p¢tch1ng. The former effect is probably
due partly to the low Reynolds number and partly to the deficiencies of
the torque estimation (Section 4.41). The low surge flow at the inter-
mediate pitching may be due at least in part to some flow phenomenon
connected with the low Reynolds number.

The tests 1;%Ormymﬁ carried out at the two extreme pitchings,
showed a very large scatter of tne pprrlmental points, presumably due to
the decreased relative accuracy of the measurements and also to the

difficulty of holding the speed constant. This made firm deductions
difficult, but there was no indication that the efficiency at the low
pitching was significantly inferior. The results of these tests are not

included in the figures.

L3 Comparison with Reference 3

Reference 3 describes tests on three stages of constant section
untwisted blading in a water compressor. Rotor and stator blades were
identical 1n £ onetry and weru set bO give 50 Dgr Cbﬂt rbaCtlon. The
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(a) The significant blade Reynolds numbers is that based on blade
pitch rather than on blade chord. The values for the teats
at 0.5 and 1.0 pitch/chord ratios were then 0.33 X 10° and
0.67 x 10° respectively, the value based on blade chord being
0.67 x 10° in both cases. It is suggested in the Reference
that a critical value might lie between the two former
values. The corresponding values for the present tests are
given in the following table; they are based on the mean
diameter blade pitch and the estimated velocity relative to
the rotor blade at mean diameter at a flow coefficient of

0.8.
Reynolds number x 107"
Number of blades/row 72 5k - 38
Speed = 900 rev/min . 1.283 1.712 . 2.435
Speed = 500 rev/min  0.577 . 0.769  1.092
Speed = 250 rev/min 0.266  (0.385) 0.547

The corresponding figures for the stator blades are less
than the above approximetely by a factor of 0.8, the
relative air inlet velocity veing smaller. The present
tests thus lend no support for the existence of a critical

Reynolds number based on blade pitch in the region

0.3 = 0.7 x 10°,  No measurements of the turbulence levels
were made in either the present tests or those of

Reference 3, but it is not thought that any difference would

be large enough to explain the apparent lack of agreement.

(b) Reference 3 suggests that reduction of pitch/chord ratio has
an additionsl effect not allowed for in simple theoretical
concepts of blade performance. It could be connected with
the poorer geometry of the blade passages (regarded as
diffusers); this applies increasingly as the stegger is
increased; the significant dilfference between the present
and the Reference 3 tests is the higher mean stagger of the
latter.

Ancther factor, bricfly mentioned in Section 4.1, concerns the
deterioration of velocity profile through a number of stages. This
deterioration is known to cause a tendency to local stalling of the inside
diameter of a series of constant section untwisted stages7 and it is
possible thet in the Reference 3 tests the closer pitching precipitated
locel stalling of the last stage, with consequent loss of efficiency;
this is of course conjecture, and would need to be substantiated by a
detailed investigation. It is interesting to note that in some unpub-
lished tests at N.G.T.E. on a three-stage air comprcgsor, consisting of
variable stagger constant section untwisted blades, abnormally low
efficiencies were recorded at the higher staggers. No firm conclusions
could be drawn, however, since therc were other factors present which
obscured the significance of the results.



5.0 Conclusions

Two stages of low stagger free vortex blading have been tested at
mean diameter pitch/chord ratios of 0.49, 0.66 and 0.94, in a low speed
compressor of 0.70 diameter ratio. The object of the tests was to pro-
vide information for use in the design of compressors of high stage work,
such as are required for instance in the compression of light gases.

The performance was found to be ’roadly in line with that predicted
by simple theory. In particular, there was no indication of a sharp drop
in efficiency at the lowest pitch/chord ratio, as had been suggested by
some earlier work. The reasons for the apparent disagreement with the
earlier work are discussed, and attention is drawn to the limitations of
the present tests.
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NOTATTON

mechanical equivalent of heat
specific heat at constant pressure
blade peripheral velocity at mean diameter
mean air axial velocity

mean stage total pressure rise
mean stage total temperature rise
blade chord

acceleration due to gravity

blade pitching

air density

igentropic efficiency

blade angle

blade camber angle

blade stegger angle

work done factor

ouffices
inlet guide blade outlet
rotor blade inlet
rotor blade outlet
stator blade inlet

stator blade outlet
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AFPENDIX I

Blade degign details

The blades were of free vortex design (design flow coefficient =
0.800) with details as below. The blade chord was 3.0 in. throughout
and the thickness/chord ratio wes 0.10.

Inlet guide blades

dia. (in.) 2940 3l O 33.0
6 (degrees) b5 L0 3.2
s 31 2.8 2.2
B, o) 0 0
Bo L5 L0 3.2
Rotor blades
dia. 29.0 340 39.0
0 42.0 30.0 21.3
¥ 15.5 29.0 39.6
B, W2 50.0 54.7
B, 2.2 20.0 33,0
Stator Llades
dia. 29,0 340 39.0
) Lot 3.0 39.0
¥ 1.7 9.5 649
B, 419 37.6 357
3, -2.2 “3.h -5.3

The compressor outside diameter was LO in. and the inside diameter
ves 28 in.  All blode sectiomswere Ol on parabolic arc (PLO) cimber
lines.



APPENDIX IT

dote on the calculation of the parameters

Density p

The density was taken as the mean of the celculated inlet and outlet
densgities.

Mean flow coefficient V,/U

The axial velocity Va was based on the density, mass flow and
annlus area. The blade velocity U was calculated st the mean dismeter.

e . nx 2
lean stage pressurc rise coefficient, AR/+d

The inlet total pressure was taxen as the mean value based on the
mass Tlow and static pressure after the inlet guidc blades; the outlet
pressure was the arithmetic mean value as read on four nine-point pitot
combs, situated two chords downstream of the last stator Llade row, this
being not significantly different from a true area mean value. The mean
stafe pressure 1ise AP was taken as half the difference between the inlet
and outlet pressures.

Mean stage temperature rise coefficient, AI/AU%

The value plotted is 2gTK, 87/ , where 80 was helf the overall
total temperaturc rise of the air in 9C, the other quantities being in
consistent units. T was calculated from the input torgque, speed and
mass flow. A correction for bearing friction was made to the input
torque as described in Bection 2. 3.
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