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Swummary.—This report describes a compressor which was designed to give a mean stage temperature rise of 30 deg C.
It has six stages so that the overall pressure ratio at the design point is 4-5: 1. Full details of the factors which led
to the form adopted and of the design itself are given in the report.

The test results fully substantiated the design assumptions. In particular, using standard design data, it is possible
to achieve temperature rises of about 30 deg C without sacrificing unduly any desirable performance features. Such
temperature rises were considerably above those being used at the time this work was carried out, and are in fact
substantially above the mean value used in present-day designs.

Details of the stage characteristics and the matching of the compressor have been given in the report, together with
some other points of special interest.

1. Introduction.—In 1944 the National Gas Turbine Establishment—or Power Jets (Research
& Development) Ltd., as it then was—started design work on an advanced form of axial com-
pressor, later known by the serial reference 109. The compressor was subsequently built and
tested, the results substantiating in a large measure the design objectives. Although the complete
design details and the test results have received limited circulation and certain information
generally published (Ref. 1), no formal report of the design details and test results has been made.
This report has therefore been prepared to provide comprehensive design and test data and to
serve as a reference for further comparative work now proceeding on the compressor.

2. Description of Compressor.—2.1. Design Features—The salient feature of the design was
an attempt to increase the mean stage temperature rise from an average contemporary value of
somewhat less than 20 deg C, to the highest possible value compatible with the cascade data.
then available. The design study showed that a rise of 30 deg C per stage was about the limit.
Assuming an overall adiabatic efficiency of 85 per cent, it seemed that a pressure ratio of about
4:5:1 could be obtained from a six-stage compressor. A mass flow of 70 lb/sec was adopted
to give a compressor of suitable size for the existing test facilities.

A constant outside or rotor tip diameter was desirable to maintain the highest possible blade
speeds in the later stages. Assuming an inside/outside diameter ratio at inlet to the first stage of
0-6, this being the lower limit of contemporary practice, it was found that the performance
outlined above could be obtained from a compressor 24-34 in. in outside diameter running at
9,500 r.p.m. This gives a rotor tip blade velocity of 1,010 ft/sec. The mass flow corresponds to
21-7 Ib/sec/sq ft frontal area, neglecting casing thickness.

*N.G.T.E. Report R.148, received 15th May, 1954,



Previous work had shown that the maximum stage temperature rise would be obtained using
a fluid outlet angle of about 35 deg-(see Ref. 2). However, this would have entailed a weight/
power ratio and outside diameter in excess of their minimum values. Since the work was being
carried out primarily for aircraft engine application, this was considered undesirable. An outlet
angle of 25 deg was finally adopted. This value entailed little loss in stage temperature rise,
and gave the minimum weight/power ratio, together with an outside diameter approaching the
minimum value (sec Fig. 97 of Ref. 2). These figures have since been checked using the latest
cascade data. The new calculation would suggest that the maximum stage temperature rise is -
hardly affected by outlet angle, at least over the range 20 to 35 deg. '

With the type of high-speed design envisaged, a blade twist approaching constant reaction
was obviously desirable. A compromise between constant reaction and half vortex was adopted
in which the Mach number at inlet to the stator was constant along the blade length. With the
assumption of a radially constant axial velocity this gave the now well known ‘ constant e’
blade twist. The section of 50 per cent reaction was kept-at the mean diameter for all stages.
The Mach numbers at the mean diameter are 0-72 at the first stage and 0-70 at the last. The
highest Mach number is 0-8 at the first-stage rotor tip.

The blades themselves were designed for zero incidence at all sections. A parabolic camber-line
was used for the first time in a compressor. It was believed that the higher throat areas associated
with these blades would be beneficial. The deviation rule was substantially the same as that
given in Ref. 3. Both rotor and stator blades were tapered in thickness from root to tip, but
the chords were kept constant. For manufacturing purposes the blade sections were defined at
two stations, one near the root and the other near the tip of the blade. Intermediate sections
were obtained by a linear interpolation between these datum sections.

In estimating the stage temperature rise a constant work done factor of 0-86 was used through-
out. The annulus heights were determined from the mean mass flow on the basis of a constant
axial velocity. No allowance was made for the growth of the boundary layer on the annulus walls.

It will be appreciated from the above comments that the simplest possible design assumptions
were made throughout. It was hoped to achieve the high performance only by pushing existing

design methods and data to the limit, the ephemeral attractions of over-elaboration being firmly
resisted.

The mechanical design and construction of the compressor is not representative of either
aircraft or industrial technique. It was dictated largely by the possible experimental work that
was envisaged, and by the manufacturing facilities available. For example, it was anticipated
that the aerodynamic design innovations could result in a serious mismatching of the stages and
a consequent loss of efficiency—though this fear subsequently proved unfounded. Hence the
mechanical design was such that all the stages could be tested separately if necessary, or alterna-
tively any group of stages could be tested. Provision was also made for adding two more stages
to the compressor though an eight-stage version has not yet been tested. A further feature of
the design was a provision permitting shrouding to be used on the stators in place of the simple
radial clearance adopted in the original design. This feature also has not been incorporated in

any design so far. All these features resulted'in a compressor that was somewhat heavier than
normal aircraft practice.

The blade chord lengths were reduced in successive stages to give the same gas bending stress
for each row. This was about 44 tons/sq in. at the design point with standard inlet conditions.
The direct centrifugal stress varied from 124 tons/sq in. in the first-stage rotor blade to 5 tons/sq
in. in the sixth. The axial length of the compressor over all the blade rows (including the I.G.V’s)
is 18-1 inches. The blades were manufactured by the lost wax process, the rotors being cast
in Vitallium and the stators in H.R. Crown Max. They are thus not representative of compressor
practice. :

A drawing showing the general arrangement of the compressor is reproduced in Fig. 1. Details
of the blading are given in Appendix I.
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2.2. Manufacturing Evvors and Blade Details of Test Compressor.—It is well known that small
changes in blade angles can have a marked effect on compressor performance. The 109 com-
pressor was built to be within the standard N.G.T.E. manufacturing tolerances, but a number
of errors were present. The compressor was accepted with these errors to expedite the tests.
For checking purposes most of the blades in stage 1 rotor were examined in detail. A plot of the
derived blade inlet and outlet angles is shown in Fig. 2. It will be observed that the blade outlet
angles, which determine the performance, are generally within a 4+ 0-5 deg band, though a few
are as farout as + 1-2deg. The scatter appears quite random. Sample blades were also examined
from the other rows. The error in the blade outlet angles for each row has been tabulated in
Appendix ITa. In general the measured blade angles are less than the design, though in view
of the limited number of blades inspected it is doubtful if any quantitative data can be deduced.

Since these measurements were taken the compressor has been completely stripped, and
rebuilt with new discs suitable for overspeed testing. No detail measurements of blade angle
were taken at the time of the rebuild, though the only difference would be due to the disc fir
tree broachings and such differences should be very small. Quite recently the blading of this
build of the compressor was re-inspected using the very latest techniques. The details of this
examination are given in Appendix II(b). This inspection confirms that the blade outlet angles
are generally lower than design, especially in the earlier stages. The arithmetic mean of the
error in all rows is 0-4 deg. An estimation of the performance of the compressor based on this
inspection reports shows that the design pressure ratio of 4-5: 1 should be obtained at a flow of
about 72 lb/sec instead of at the design value of 70-0 Ib/sec.

3. Test Technigue.—The location of the 109 compressor in the test cell is shown in Fig. 3. The
air path to the compressor inlet is also indicated on this figure. The compressor was mounted
in a swung frame so that the power input could be measured by the torque reaction on the stator
casing. Unfortunately, the precimeter used for this purpose was only considered reliable for one
set of tests. In addition to the torque measurements, however, the temperature rise over the
blading was measured directly. Resistance elements were used at inlet, and four thermocouples
equally spaced around the annulus at outlet.

To allow for velocity profiles, total pressures were measured by four combs of five pitots equally
spaced around the annulus. Each tube was placed at the centre of equal annulus areas, and an
arithmetic mean was taken as the total pressure at the comb. Wall statics were used to measure
static pressures. The location of all the instrumentation is shown in Fig. 3.

The mass flow was measured by a calibrated venturi at entry to the test cell as shown in Fig. 3.
A correction for leakage into the cell when operating at sub-atmospheric inlet pressures had to
be made. The maximum correction was about 5 per cent of the total mass flow.

In addition to the overall measurements, the static pressure at the casing was measured between
each stage to obtain some indication of the stage operating conditions. Two points located
diametrically opposite each other were employed for this purpose. The arithmetic mean of
these was taken as the static pressure between the rows.

It is considered that the absolute accuracy of the major perférmance parameters are : mass:
flow 4 2 per cent, efficiency 4--2 per cent, and pressure -+ 1 per cent.

In order to keep within the power limitations of the existing test facilities, it was necessary to
resort to inlet throttling at the higher speeds. One effect of this was to reduce the gas bending
stress below the design values, which were based on standard entry conditions. In addition the
test Reynolds number was reduced below the design value. As the inlet throttling was only
. appreciable at the higher flows it is not considered to have had any significant effect on the
performance, though the efficiency may perhaps be some one per cent below the value that would
be obtained with standard entry conditions. The table overleaf gives the mean cell conditions
for each speed in the series II tests, and indicates the degree of throttling employed.
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Speed (r.p.m.) .. . .. .. 3770 5049 7,075 7,550 8,050 9,000 9,560
Cell pressure (Ib/sq in. (absolute)) .. 14-5 14-4  14-4 14-3 11-8 87 7-4
Cell temperature (deg C (absolute)) .. 287 295 290 289 290 290 294

The test Reynolds number at entry to the first-stage rotor is 3-2 x 10°. This is based on blade
chord and fluid approach velocity at 72 Ib/sec corrected mass flow, which corresponds to maximum
efficiency at the design speed. It is well above the critical value of about 1-0 X 10°. At some
future date it is hoped to retest this compressor with standard entry conditions.

4. Test Results for Six-stage Compressor.—4.1. Overall Performance.—The overall test results
for the six-stage compressor have been plotted as pressure ratio and efficiency against mass
flow, in Figs. 4 and 5 respectively. All the quantities have been reduced to standard inlet con-

ditions of 14-7 lb/sq in. and 288 deg C (absolute). The performance has been deduced from
the following series of tests :

Series I Preliminary set of tests intended chiefly for the mechanical proving of the com-

pressor. The aerodynamic results have not been included in Figs. 4 and 5 though
the agreement with later tests is considered good.

Series II  Original build for which the blade inspection details are given in Appendix II.
The torque measurements were considered reliable for this series of tests. The

efficiency based on the torque was consistently 2 per cent less than that based on
the temperature rise measurements.

Series I1I  The compressor was rebuilt with new discs permitting an overspeed up to 10,500
r.p.m. The torque measurement was considered unreliable for this series of tests.
The thermocouples measuring the compressor outlet temperature were repositioned.
It was believed that part of the 2 per cent difference between the torque and
temperature efficiencies was due to temperature stratification. The thermocouples

were therefore moved to a position where the temperature variation should have
been less.

Series IV These were a limited series of tests with the compressor lagged. (Results not
included.)

It will be seen from Figs. 4 and 5 that reasonably good agreement has been obtained between
the various test series. Since between the series IT and series III tests, not only was the instru-
mentation changed, but the compressor itself was completely stripped and rebuilt, the agreement
can be taken as indicative of test accuracy. It is considered that the curves given in the figures
represent the true performance of the actual blading. ‘

A comparison of the test performance with the design point performance (modified for the
blade manufacturing errors) is made in the table below :

Design Test

Pressure ratio = .. . .. 4:5:1 4-5:1

Mass flow (Ib/sec) .. . .. 72 74

Adiabatic efficiency (per cent) .. 85 86 (mean of series IT and I1)
Temperature rise (deg C) .. 180-8 178-2

The assumptions upon which the design was based have therefore been fully justified, and it
would seem that stage temperature rise of the order of 30 deg C are quite feasible.

A more detailed examination of the results shows that the compressor is matched just below
the design point. The maximum polytropic efficiency occurs at a flow of 69 1b/sec at 9,000 r.p.m.
At this point the overall pressure ratio is 4-1:1 and the mean stage temperature rise 27-4
deg C. The polytropic efficiency is 89 per cent. The surge line, referred to this point, is better
than average, though the kink is perhaps a little larger than would be obtained from a compressor
of the same pressure ratio having more conventional stage temperature rises.
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The overspeed performance is not as good as might be desired. The peak polytropic efficiency
falls from 88-4 per cent to 85-5 per cent in overspeeding from the design value of 9,500 r.p.m.
to 10,000 r.p.m. An additional increase of speed to 15,000 r.p.m. causes a further drop to 82-0
per cent. This drop is, of course, due to the high Mach numbers at the first stage, and might be
less serious if blades with a better high-speed performance were used. ’

4.2. Stage Characteristics.—The stage characteristics, derived from the interstage static
pressures, have been plotted out in detail in Fig. 6. A considerable scatter of the test points is,
of course, present, but it is considered no worse than average for this type of work. Mean curves
have been drawn through the points, and these have been redrawn together for comparison on
Fig. 7. It will be observed that the stage characteristics are all very similar, with the exception
of stage one. This gives a much higher peak pressure ratio, due no doubt to the more favourable
flow conditions at entry to the stage. It can also be seen from the detail characteristics in Fig. 6,
that at the matching speed of 9,000 r.p.m. all the stages are operating at practically their peak

- pressure ratio near the surge point (i.e., each of the points marked 1 are near the peak of their
respective stage characteristic). It follows that this compressor is well matched. The early fears
of a mismatching due to the high stage temperature rises were completely unfounded, and the
simple design technique adopted appears quite satisfactory for such designs.

It will also be observed from the stage characteristics that the earlier stages are operating well
over the stall point at the lower speeds—the compressor being unsurged of course. A close
examination of the first stage characteristics shows that above the kink speed, i.e., above 8,000
r.p.m. the stage is operating on the normal unstalled part of the characteristic. Below the kink
speed it is always operating on the stalled part of the characteristic. It can be concluded that
the kink in the surge line is due to the complete stalling of stage 1 at speeds below 8,000 r.p.m.

The matching of the compressor under different operating conditions is also illustrated in
Fig. 8. For each stage, the incidence at the mean diameter is presented in relation to the overall
characteristics. These have been calculated from the mean stage characteristics given in Fig. 7.
Strictly speaking, they apply to the overall characteristics calculated from them, though the
difference between these and the measured characteristic is, of course, quite small. The good
matching of the stages in this compressor is well illustrated by the curves. For example, it will
be noted that the zero incidence line (design incidence) of each stage cuts the matching speed
characteristic (roughly 9,000 r.p.m.) at almost identical flows.

Some further analysis of the performance of the 109 compressor, this time based on the mean
stage characteristics deduced from the overall results, is also given in Ref. 1. The data presented
is part of a general survey of compressor performance in which the mean stage characteristics
are used as the basis of a performance prediction method.

5. Test Results for Four-stage Compressor.—As part of a general investigation of stage charac-
teristics, stage matching, and surging, the last four stages of the compressor were tested
separately. It has already been shown how the kink in the surge line of the six-stage compressor
was associated with the stalling of the first stage. By testing a reduced pressure ratio compressor,
it was hoped to delay the onset of this stall to lower speeds, thereby obtaining a corresponding
move in the kink in the surge line.

For these tests the first- and second-stage blading was removed and replaced by blank roots.
The inlet guide vanes were retained in their normal position as shown in Fig. 1. This arrangement
was not altogether desirable. The mean air outlet angle from the guide vanes is only 22-8 deg,
whereas that from the second-stage stator is 26-9 deg. The actual difference will be greater
than 4-1 deg due to the axial acceleration in the part of the annulus normally occupied by stages
one and two. The alternative of testing the first four stages was not possible without using
replacement discs in the fifth and sixth stages to avoid choking at outlet.
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The test results are presented for the last four stages in Figs. 9 and 10. They have been plotted
as pressure ratio and efficiency against mass flow. All the quantities have been referred to the
standard inlet conditions of 14-7 Ib/sq in. and 288 deg C absolute, even though it invalidates
direct comparison with these stages in the six-stage build. Applying the appropriate corrections.
one would expect this compressor to be matched at about 8100 r.p.m. with standard inlet

conditions (this corresponds to 9,000 r.p.m. when operating after the first two stages of the
six-stage compressor). '

Also included on these figures are some calculated characteristics. These were obtained using
the stage characteristics deduced from the tests on the six-stage compressor. Superficially the
agreement between the calculated and test performance is good, as might be expected from
the method of calculation. It will be noted, however, that the kink in the surge line occurs at
much higher speeds than predicted. Further insight into the detail performance can be obtained
from an examination of the test stage characteristics, which have been plotted in Fig. 11. From
these it is seen that the first stage of this compressor (that is stage 3 of the normal build) is
always operating in the stalled condition, even at flow coefficients which give unstalled flow
in the six-stage compressor. The high inlet angle from the standard 1.G.V’s and the contracting
annulus are believed to be responsible for this. Choking of the H.P. stages prevents the flow
being increased sufficiently to unstall the stage, except in the aerodynamically overspeed con-
dition. In this condition, however, the characteristics for this stage have every appearance of
shock stall, 7.e., the first stage is always stalled. This is reflected in the overall results which
show much lower efficiencies than would be expected from the six-stage results. It is also to be
noted from these stage characteristics that the peak pressure obtained from stage 3 is higher

than that obtained in the six-stage build. This is presumably due to the higher work-done
factor in the absence of the front two stages.

Any further comparison of the two compressors is invalidated by the stalled stage. It may
be of interest to note, however, that roughly the same characteristics have been obtained from
stage 4 in both compressors. This could suggest that the presence of a stalled row has little effect
on the performance of subsequent stages, a feature which cannot be substantiated from the
characteristics of the fifth and sixth stages on account of choking. At least the maximum flows
in the sixth stage are approximately inversely proportional to the square root of absolute tem-
peratures at exit from the four- and six-stage compressors, which would suggest choking.

6. Conclusions—The test results on the 109 compressor have fully substantiated the design
assumptions. In particilar, using standard design data it is possible to achieve mean stage
temperature rises of about 80 deg C without sacrificing unduly any desirable performance features.
Such temperature rises were considerably above those being used at the time this work was being
carried out, and are in fact substantially above the mean value used in present day designs.

Full details of the design and points of special interest have been given in the main body of
the report.
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APPENDIX I

Blade Details of 109 Compressor

Inner annulus diameter (inlet) (in.)
Outer annulus diameter (inlet) (in.)
Annulus area (inlet) (in.?)

Mean blade section diameter (in.)

Camber-line ..

Position of maximum camber (per cent). .

Camber angle (deg)

Stagger (deg)

Blade inlet angle (deg)
Blade outlet angle (deg) ..
Chord (in.)

Number of blades
Pitch/chord ratio

Base profile ..
Thickness/chord ratio (per cent) ..
Throat/pitch ratio
Deviation angle (deg)

Air outlet angle (deg)

Blade twist ..

1.G.V.
13-79
24-34

315-9
19-34

40
26-0
+17-8
0-3
—25-7
1-50
34
1-19
C4
9
0-87
2-8
22-9

First Stage Last Stage
Rotor Stator Rotor Stator
14-63 15-35- 21-16 21-51
24-34 24-34 24-34 24-34

297-2  273-7, 113:6 1019
19-60  20-94  22-94-  23-04
Parabolic Parabolic Parab(!)lic Parabolic Parabolic
40 40 40 40
28-7 279 29-8 31-1
—29-3 —29-4 —28-6 —28-0
49-2 48-7 = 49-2 49-5
20-5 20-9 19-5 18-4
1-57 1-85 0-80 0-92
48 44 139 123
0-82 0-78 0-65 0-64
C4 C4 C5 C5
9 9 9 9
0-70 0-68 0-73 0-72
5-1 4-8 4-8 4-8
25-6 25-7 24-1 23-2

Constant o,

Constant «,



APPENDIX II

109 Compressor—DBlade Inspection Details

(@) Original Build used for Test Sevies I and 11

(Inspection, October, 1946)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6
LG.V. -
R S R S R S R S R S R S
Inspection diameter 19-22 | 19-21 | 20-20 | 20-65 | 21-04 | 21-35 | 21-64 | 21-94 | 22-18 | 20-40 | 23-62 | 22-84 | 22.99
Error in 8, (deg) .4 +06 —-03 |(—-13 | —0-1 |—07 |—0-9 |+4+0-4 | —0-2 |—00 {—0-2 |40-2 |—0-08 | —0-6
No. blades inspected 4 32 4 1 1 1 1 1 1 1 1 1 1
(6) Rebuild used for Test Series ITT and IV
(Inspection, November, 1952)
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6
1.G.V.
R S R S R S R S R S R S
Inspection diameter 19-48 | 19-48 | 19-97 | 20-46 | 20-84 | 21-23 | 21-53 | 21-80 | 22-06 | 22-30 | 22-52 | 22:75 | 22-75
Error in §, (deg) -0 {-08 |—-1-0 {-—1-3 |-0-3 |40-1 |—0-3 |—07 {—0-1 |40-3 |—0-2 |+4+0:6 | —0-4
No. blades inspected 5 5 5 5 5 5 5 ) 5 5 5 5 5
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Fic, 3. Installation of compressor in test cell.
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