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flow turbo-compressor wheels have been investigated by

mechanical tests on single-stage wheels. The results have been incorporated in a complete unit which has been designed
and tested at the Royal Aircraft Establishment for research purposes. It was designed to pass 200 Ib/min of air at
25,000 it with a compression ratio of 2-7: 1 and a temperature at inlet to the turbine of 145 deg C.

the compressor results from aerofoil cascade tests were extrapolated beyond the limits then covered
showed that the compressor efficiency would be low and that the blading
Tests on the unit confirmed this, indicating that a compressor efficiency
of about 70 per cent was the maximum obtainable, whereas the designed efficiency was 83 per cent, a figure which
with present day knowledge is easily obtainable. A slight modification to the compressor-blade heights improved

the efficiency and enabled the range of operation to be extended.

In the contra-flow unit the leakage between the shrouds separating the compressor and turbine annuli is a special
problem. Owing to the departure from design conditions and the intake air boost the leakage observed on the unit
was at times as much as 50 per cent of the entering air. The leakage likely to be obtained i a unit operating under

designed conditions is estimated at 4 per cent.

~ Most of the remainder of the running time was devoted to investigation of mechanical problems. These included
the temperature gradients in the wheels, bearing cooling and lubrication, and constructional features. At a gas tem-
perature of 400 deg C. the constricting section in the wheel disc caused a drop of temperature of 150 deg C. above
the high pressure bearing housing. By increasing the cooling air mass flow this drop was increased to 250 deg C.
The bearings were found to be satisfactory provided their temperature could be maintained at less than 200 deg C.,
but the oil metering supply was unsatisfactory. Some movement of the blades in the rotors was observed and relative
axial expansion of the rotors and casing led to rubbing at the high-pressure end. Trouble was also experienced with
the large gland leakage areas at the shrouds and around the bearing housings.

Tt was concluded that, in spite of the poor aerodynamic performance, there was no fundamental reason why similar
units should not operate efficiently and why a good mechanical performance should not be obtained.

Summary.—Several methods of constructing contra

. In designing,
(1938). Subsequent cascade experiments
used would be stalled under design conditions.

1. Introduction.—The contra-flow type of tarbo-compressor combines the high efficiency of an
axial compressor with the high efficiency of a multistage turbine and should, therefore, be an
advance on the conventional type of turbo-compressor in which a centrifugal supercharger is
driven by a single-stage turbine of comparatively low efficiency. Its theoretical advantages
make it of considerable interest both as an exhaust-driven aero-engine supercharger and as an
internal-combustion turbine. '

In order to investigate the practical possibﬂities of this type of unit various designs of single-
stage wheel were tested and a complete turbo-compressor constructed. This note describes the
work on these items and the conclusions reached.

* R.A.E. Reports, £.3945 and E.3829—received 1st August, 1942.
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2. Single-stage Wheels—One of the chief problems in the contra-flow type of turbo-com-
pressors is that of producing mechanically reliable wheels capable of withstanding the high gas
temperatures on the turbine side and avoiding distortion due to thermal stresses set up while
running.  To solve this problem, investigation has been made of various possible methods of
constructing wheels and three of the more promising designs have been built and tested.

2.1. Description of Wheels—Sections of the three types of wheel tested are shown in Fig. 1.
They have been designated respectively as (a) shrunk-ring type, (8) expansion-ring type, (c)
inserted-blade type, and their main features are described below. '

Each wheel consisted of a set of turbine blades and a set of compressor blades mounted on a
hub which could rotate freely on a ball bearing. Hot gases flowed in one direction through the
turbine blading, driving the wheel and causing the compressor blading to pump cold air in the
opposite direction. In the designs tested the compressor blades were fixed to the hub and the
turbine blades fitted outside them, but this was not an essential feature and the blading
positions could be reversed without detriment to the performance.  The blades were not
designed for aerodynamic efficiency as the tests were purely mechanical, and in order to

simplify manufacture, they were merely straight radial slabs machined at an angle to the plane
of the wheel.

The fixing of the blades to each other and to the hub in a mechanically soﬁnd manner and

accommodation for differential expansion between them were the chief aims of the designs and
the methods adopted are shown in Fig. 1.

2.1.1. Shrunk-ring Type.—The compressor blades were made integral with a duralumin hub
and the turbine blades were machined from a solid ring of heat resisting steel. A second ring
of nickel-chrome steel tapered on its inner diameter was shrunk on to the tips of the compressor
blades. Five equally spaced pegs were inserted in this ring to centralise the turbine ring and
limit the heat transfer from it. The turbine ring was not restrained radially and could expand
as the temperature increased without affecting the inner ring or compressor blades. Small
projections on the inner diameter of the turbine ring and outer diameter of the shrunk ring

fitted close together and tormed a gland which prevented leakage and circulation of hot gases
or air between the rings. ‘

The drive was transmitted through the pegs to the shrunk ring and thence through the
compressor blades. The ring relied upon its shrinkage fit to transmit the torque and conse-
quently its temperature relative to the compressor blades and the hub was important. Too
high a temperature would reduce the grip and too low would result in crushing of the blades.

2.1.2. Expansion-ring Type—This type was similar to the previous one in that the compressor
blades were integral with a duralumin hub and the turbine blades were integral with a ring of
heat resisting steel, but the connection between them was different. A duralumin ring surrounded
the compressor blades and could be fixed by shrinkage or pegging. In the test wheel it was
integral with the blades. An expansion ring of forged steel (K.E. 965) was hooked at one end
into grooves in the turbine blade ring at a number of points and similarly at the other end into
the compressor ring. Thin projecting sections of these rings were peened over to secure the
expansion ring in position.

This type limited the heat transmission to a low value but involved the machining and bending
of thin sections of metal. The material (Rex 78) of the turbine wheel would not permit this and
it was necessary to spline into it a ring of K.E. 965 to hold the expansion ring.

2.1.3. Inserted-blade Type—In this design the hub was of carbon steel and the compressor
and turbine blades of heat resisting steel. Each turbine blade was integral with a compressor
blade and separated from it by a straight shroud. The compressor blade roots were dovetailed
and keyed into axial slots in the hub where they were held in position by peening over metal on
the hub. When the blades were in position the shrouds formed a continuous ring which separated

the air passage from the gas passage except for circumferential clearance left at the tips of each
shroud to allow for expansion.
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This type had the disadvantage of permitting a direct transfer of heat from the turbine to the
compressor blading and so heating the air. The hub was much heavier than in the other cases
and there was a danger of the unsupported tips of the shrouds opening outwards when subjected

to centrifugal loading.

2.2. Test Arrangements.—The layout of the test rig is shown in Fig. 2. The wheel to be
tested was mounted on a peg shaft held in a special casting. The hot gases were fed to the
wheel through an annular discharge passage in the casting from a volute connected to a com-
bustion chamber similar to that developed for gas turbines. The mass flow and temperature
could be accurately controlled by air and fuel valves. Because of the inefficient blading it was
necessary to blow air through the compressor blades and'a large fan was used for this purpose.
The air mass flow could be adjusted by the speed of the fan and it was kept approximately equal
to the gas mass flow. : -

The gas temperature was measured immediately before the wheel by a chromel-alumel
thermocouple inserted in the annular discharge passage.  TFhe position of the couple was
selected so that the mean temperature was recorded. Readings taken around the annulus
before the wheels were mounted indicated that the temperature variation was at no point
more than - 15 deg C. from the mean. This variation had no effect on the rotating wheel
which took up a temperature corresponding to the mean gas temperature as indicated by the
thermocouple.

The speed of the wheel was measured by an electronic method because of the difficulties of
fitting a mechanical tachometer. Electric impulses were recorded by a photocell when rays of
light directed on it were interrupted during part- of each revolution.  The impulses were
transmitted to a cathode-ray oscilloscope, by which their rate was counted and the speed of,
the wheel in r.p.m. deduced. :

Oil was supplied to the bearing by a drip feed and a thermocouple was fixed against the
stationary inner race to give some idea of its temperature. This temperature was higher than
would occur in practice because of the heavy ribs of the test rig casting which permitted
considerable heat transmission from the discharge annulus direct to the centre shaft.

2.8. Test Results—The wheels were first rotated by cold air up to approximately half the
designed speed to observe whether any distortion or weakness was apparent due to centrifugal
force alone. After inspection hot gases were used to drive the wheels at low speeds. The gas
temperatures were increased by steps and runs made to observe the effect of temperature. At
the conclusion of each run the wheels were examined superficially at their critical points for
signs of movement or distortion. Finally with the maximum temperature, the speed was
increased by steps until trouble was encountered or the design conditions were achieved.
Accurate measurements of dimensions were made before running and after the final run.

The most severe conditions that the wheels were subjected to are summarised in the following
table :—

Gas temp Speed
Wheel deg C. r.p.m. Remarks
Shrunk ring .. .. 550 3,350 | . Ring became loose
460 8,000
Expansion ring . . . 660 7,500 Designed conditions—satisfactory
Inserted blade .. .. 750 12,000 Satisfactory
755 15,000 15 per cent overspeed—satisfactory

Measurements of bearing temperatures were also made, but have not been included in the
table as 'they were greatly influenced by the ratio of gas and air mass flows, air temperature
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and heat transmission through the rig.  The highest temperature observed was 120 deg C.

and it was apparent that in a properly designed unit with the turbine blading outside, no bearing
trouble should arise from overheating. :

2.3.1. Shrunk ring —The designed speed of this wheel was 13,000 r.p.m. which corresponded
to the turbine blade tip speed of 485 ft/sec. A total of 174 hours running was completed ;
but the maximum speed attained was 8,000 r.p.m. with a gas temperature of 460 deg C. During
the running at low speed and a temperature of 550 deg C. the shrunk ring became slack and
moved back on the tapered compressor blade tips so that on cooling it was quite lpose.  After
re-shrinking in the correct position, evidence of loss of the interference fit while running was

observed on several occasions although, after careful reduction of the temperature and speed,
the ring became tight again on cooling.

In order to obtain some idea of the relative temperatures of the various parts of the wheel a
test was carried out with the wheel locked. Approximately constant and equal flows of com-
pressor air and turbine gas were passed through the wheel. The air temperature was 45 deg C.
and the gas temperature was varied from 270 deg C. to 720 deg C. Measurements of temper-
ature were made at the points indicated in Fig. 1 (¢). Number 1 thermocouple was inserted in
the metal at the root of the turbine blades, number 2 in the shrunk ring and number 3 at the
oot of the compressor blades.  The results of these measurements are shown graphically in
Fig. 3. The bearing temperature has been included and it will be noted that it was higher than
the compressor hub temperature, thus indicating that it was receiving heat through the’casing
ribs and central shaft. At the highest gas temperature the compressor hub temperature fell

away due to loss of the shrinkage contact with the steel ring. In view of the difficulty of
maintaining the fit no further running was done.

2.3.2. Expansion ring.—A turbine wheel with an outer shroud was available for this design
and was incorporated. It limited the safe speed to 8,000 r.p.m. and the bending stress in the
expansion ring limited the temperature to 650 deg C. A total of 61 hours running was completed
including one hour at 7,500 r.p.m. and 660 deg C. gas temperature, without incident.

Examination and measurement after completioh of the test showed that the turbine ring had
moved axially 0-004 in. relative to the compressor ring. This might be due to slight distortion of

‘the expansion ring, but this was not observable by eye. In all other respects the wheel was in
good condition.

2.3.3. Inserted Blade.~—This type had the same tip diameter as the shrunk ring wheel and
was designed for the same speed of 13,000 r.p.m. The tests extended over 104 hours during
which a 15 per cent overspeed run was made at 15,000 r.p.m. and 750 deg C. for a period of
2 hours.  No trouble was experienced and the general condition of the wheel on completion of
the test was good. The blades were firmly fixed both radially and axially, but measurements
indicated that they had moved radially outwards some 0-003 to 0-004 in. This was probably
‘due to the root fixings bedding down in the hub under centrifugal load. The unsupported tips
of the shrouds had lifted slightly relative to the blade roots, the average lift being 0-004 in.

2.4. Conclusions—The inserted-blade type was the most satisfactory from the mechanical
point of view. The heat transmission between the gas and air was probably greater than in

the other wheels, but the design was less complicated and no weakness was apparent at high
temperatures and speeds.

The expansion-ring wheel also was satisfactory but the gas temperature was limited by the
allowable bending stress in the expansion member. This is dependent on the width of the wheel
and might prove a severe restriction.

In the shrunk-ring design the expansion and drive between the turbine wheel and shrunk
ring were taken up without trouble by the pegs, but the fixing of the steel ring to the duralumin

compressor blades was unsatisfactory because of the difficulty of maintaining the shrinkage fit
at varying temperatures.
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3. Design of Turbo-compressor.—Following the single-wheel tests, a turbo-compressor unit
was designed as an exhaust driven supercharger to deliver 200 Ib/min of air at a rated altitude .
of 25,000 ft, the compressor pressure ratio being 2-7: 1. The gas temperature at entry to the
turbine was to be 145 deg C. and the mean rotational speed of all stages just over 10,000 r.p.m.

3.1. Description.—The unit is shown in section in Fig. 4. It consists of nine independently
rotating wheels mounted on ball bearings fitted to a central shaft. Each wheel rotates in the
opposite direction to its neighbours and carries two tiers of blading, one turbine blading and
one compressor blading. The two blading annuli are separated by shrouds so that in effect
two axial annular flow passages are formed through the unit. The air flows in one direction
through the outer annulus of compressor blading and the gas flows in the opposite direction
through the inner annulus of turbine blading. Each wheel is thus a separate and independent
turbo-compressor. ,

The shaft on which these wheels rotate is held in end castings of austenetic steel. Itis located
in the low pressure end casting and free to move axially in the high pressure end. The two
ends are connected by a light alloy-casing with axial strengthening ribs.  Drilled bosses are
provided over the first, fifth and eighth stage wheels into which capacity pick-up plugs are fitted
for speed measuring purposes. An external photographic view of the casing and pick-up plugs
assembled with the end castings and the faired gas entry and exit noses is shown in Fig. 5. The
high pressure.end-piece is formed from two castings with a small annular gap between them to
permit differential expansion of the parts exposed to air and gas. The parts are located by six
‘radial pins screwed into the outer member and fitted in reamered holes in the inner member.
Guide blades for the compressor and turbine entries are provided and fixed to the end casings.

The rotor blades are made of KE 965 steel. Each compressor blade 1s integral with a turbine
blade and separated from it by the shroud. The turbine blade roots form segments of a ring
with serrated extensions below, which key into axial grooves cut in the hubring. When assembled
the shrouds and roots form continuous rings. The blades are held in position axially by light.
centre-punch marks over-the hub ring serrations.” The blade angles are the same in all stages
to simplify manufacture, but alternate stages are mirror images of the others in order to permit
contra-rotation. This is clearly shown in Fig. 6 which is a photograph of the rotor assembly.
The pressure rise through each compressor stage is designed to be dpproximately equal to the
pressure drop in the correspondmg turbine stage.

It is thus anticipated that air or gas leakage through the gaps between the wheels should be
small. '

‘The construction of the individual wheels can be seen from Fig. 7 which is a photograph of
the fifth-stage rotor. They incorporate the features which were found most satisfactory in the
single-stage wheel tests described in section 2. A high-tensile steel hub is machined with a-
constricting section of S form between the bearing housing and the blade-root fixing ring. .
This limits the heat transfer from the turbine blades to the bearing and permits differential -
expansion of the ring and housing without setting up undue stresses.

- High-speed ball bearings with specially treated races and balls to make them suitable for
operation at temperatures up to 200 deg C. are used. = They are held in their housings by
screwed rings.  The inner races are stationary and separated from each other by distance
pieces. Small grooves in the distance pieces meter the lubricating oil to the bearings. Oil is
fed through a hole in the entry end casting at low pressure and passes along two holes drilled
axially in the central shaft. Radial holes below each distance piece permit the oil to reach the
metering grooves and thence the  bearings. In addition two more axial holes in the central
shaft (see section SS, Fig. 4) feed compressed air to other radial holes which are connected with
the opposite faces of the distance pieces. The air can enter the space between two wheels and
its pressure is regulated to maintain a slight flow towards the turbine blading. This seals the
bearing from the hot gases and gives a small cooling effect. A labyrinth gland is fitted outside
the bearing housing between adjacent wheels to control the flow of cooling air and an over-
lapping form of gland is constructed at the shrouds to reduce leakage between compressor and -
turbine annuli.
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The weight of the complete unit is 177 1b and further design details are summarised in
Appendix I.

8.2. Compressor Design.—Detailed consideration of the design is given in Appendix II, but
the general basis may be summarised as follows.

The object is to obtain maximum efficiency and a minimum weight for the performance
required.  This is attained by judicious selection of certain quantities, bearing in mind the
limitations to which they are subject. The limitations involved are of aerodynamic, stability,
stressing and other mechanical characters. The methods used are similar to those for a normal
axial compressor, but with modifications due to the constructional features necessitated by the
integral turbine drive.

The pressure rise in a stage depends upon the change in velocity of the air as it flows through
the blading and is a function of the axial and peripheral velocities and the air angles. These
quantities are indicated in Fig. 8 where typical velocity diagrams are given. The maximum
pressure rise is obtained when the air velocity and deflection are the maximum permissible.
Limitations are imposed on the velocities by the approach of the compressibility stall at the
blade tip, by losses at the blade tips or by the centrifugal stress at the blade roots. The first
is governed by the air velocity relative to the blade leading edge, the second by the axial velocity
which controls the blade height, and the third by the peripheral velocity. The angles are
determined by reference to wind-tunnel tests on cascades of aerofoils. Here again limits are -
found which give the optimum conditions for stable and efficient flow while not exceeding any
of the velocity limitations. At the same time the difficulties of manufacture must be remembered
and to ease them certain simplifications are made. The smallest number of stages for a given
performance would be obtained by taking advantage of the increasing sonic velocity through
the compressor and increasing the blade root diameters and altering the blade angles pro-
gressively in each stage from the entry end to the delivery. It eases production if the shrouds
separating the compressor and turbine blading are maintained at a fixed radius in all stages
and the same blade angles used throughout. Adjacent stages rotate, of course, in opposite
directions, and the corresponding angles are measured in opposite senses from the axis.

At the time of the design of the unit information upon the performance of compressor blading
was very scanty and consisted only of a series of test results with blades of 45 deg. camber and
— 22 deg stagger. Other results included in this reference were at + } deg and + 23 deg
stagger. From Fig. 8 it will be seen that a combination of high camber and large negative
stagger should produce the large air deflection and high relative velocity which are desirable.
With this in mind, an estimate of blade performance at large negative staggers (— 40 deg and
over) was made by extrapolating the results of Ref. 1 and the actual design based upon it.
Later experiments and other unpublished results showed that the stalling angle incidence
became much less and the deviation greater than the figures obtained by extrapolation. These
two effects resulted in the compressor blading having an incidence which gave a high loss,and
a reduced deflection with consequent poor performance. This was particularly the case at the
low-pressure end. Towards the high-pressure end the effect of the reduced pressure rise from
the inefficient low-pressure blades resulted in lower air density and higher axial velocity reducing
the incidence. Also the boundary layer thickening which axial compressor tests have indicated
as occurring towards the high-pressure end reduced the effective flow area and so increased the
axial velocity for a given mass flow. The increased deviation further tended to reduce the
incidence in the later stages. Thus the blading performance was apparently worst at the entry
end with a gradual improvement in incidence towards the delivery end.

The most satisfactory way to improve the unit would have been to reblade it with blades
designed in the light of the later wind-tunnel results, but in order to avoid delay in the tests a
more simple expedient was adopted. By decreasing the blade incidence in the earlier stages,
their tendency to stall would be reduced and more efficient running obtained. As indicated
above this could be done by increasing the axial velocity of flow. The simplest way of achieving

6



this was to reduce gradually the existing flow areas from the high-pressure end towards the
low-pressure end by reducing the blade heights and fitting a new casing. This was done at an
early stage in the tests and is referred to later.

4. Object of Tests.—The unit was constructed as a first step in contra-flow turbo-compressor
development and tests were required to determine the aerodynamic, thermodynamic and
mechanical performance. It was hoped to establish whether the advantages claimed in theory
‘were upheld in practice and to provide data for future development. Measurements of the
mass flows, pressure ratios, efficiencies and temperatures of the compressor, turbine and complete
unit were required and at the same time it was desired to investigate further the effect of thermal
and rotative stresses upon the wheels and bearings, to note any tendency towards distortion, to
check that the designed clearances were sufficient to cope with all expansions and to observe the
functioning of the oiling and cooling arrangements. "

5. Test Rig and Measurements.—To achieve the above objects, the tests were made in a
progressive manner. Initially the turbine was supplied with air from an independent source
and after satisfactory cold tests this air was heated in a combustion chamber before the turbine
and the entry temperature raised in steps. Finally, the compressor air was delivered.to the
turbine and fhe unit was operated as a complete turbo-blower and the temperature again raised
progressively. This arrangement is shown in Fig. 9. Air from plant compressors was delivered
through a pipe (1) into the compressor entry annulus (2). From there it passed through the
unit (8) and was delivered at increased pressure to the delivery volute (4). The air then passed
along a pipe and round two 90 deg bends fitted with guide vanes through an expansion joint (5)
to the combustion chamber (6). Hot gases were generated and led directly to the turbine entry
annulus. The temperature was regulated by the fuel-injection pressure from a hand-controlled
needle valve. After passing through the turbine the gas discharged to atmosphere through a
short length of pipe (7). .

Pressure and temperature measurements were made at the compressor and turbine entries
and deliveries. Mercury U gauges were used for all pressures, mercury-in-glass thermometers
for compressor temperatures and iron-constantan thermocouples for the turbine temperatures.
The pressure rise in each compressor stage was measured on a number of runs by drilling the
casing and forming static points behind the blades. A combined pitot-yaw meter was inserted in
the delivery annulus and temperature readings taken with a thermocouple in addition to the
static readings in the delivery volute. '

The air flow was obtained on some runs by annular orifice meter inserted in the compressor
delivery line, but in most tests it was obtained from calibrated pitot-static tubes in the entry
line. TFuel flow was measured by the consumption time for a known volume. ’

Other measurements included the lubricating oil delivery pressure and temperature, the
cooling air pressure, the temperature of the inner race of the ninth stage bearing and the speeds
of the first, fifth and eighth stage wheels. The recording of the rotor speeds could not be carried
out-by a simple mechanical means and an electrical method was devised. The basis of this was
the change in capacity occurring when a rotor blade moved past an insulated plug. The capacity
change was made to induce an electrical impulse in a counting circuit. This circuit produced a
mean current proportional to the impulse frequency. The current was measured by the
deflection of a galvanometer and the impulse rate could be read from a graph relating frequency
with deflection. Considerable trouble was éxperienced with this indicator in the early stages
but it was finally overcome and the readings were consistent and accurate within 2 per cent.
A technical description of the circuit is given in Appendix IIT. '

6. Aerodynamic Tests.—The compressor was tested as a normal axial compressor by supplying
the turbine blading with gas independently of the compressor air flow. The latter was drawn
from the atmosphere, either direct or after throttling, and was discharged through a measuring
orifice and throttle. Tests were made in the original designed state and later after modifications
to the blade heights and the casing. Characteristic curves covering a range of mass flows and
speeds were obtained, but they were limited by the air supply and pressure drop available from
the shop plant for driving the turbine.
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After the uncoupled tests, the compressor was connected to the turbine. This restricted the
points that could be obtained on the characteristics, but permitted the speed to be raised to
higher values.

6.1. Compressor as Destgned.—The tests were not entirely satisfactory because of the number
of variables which could not be controlled independently of the mass flow. The chief difficulty
was the changes that occurred in the rotor speeds, but a second was the air leakage from the
compressor to the turbine past the separating shrouds (see Appendix IV). During each run, the
turbine entry conditions were maintained constant and it was observed that the exhaust
conditions also remained fairly steady. '

The results are similar to those of a normal axial compressor and typical readings are given
in Table I and drawn out graphically in Fig. 10. The pressure ratio and mass flow dropped
suddenly beyond the surge point and the recovery showed the hysteresis effect characteristic of
axial compressors. . The efficiencies peaked before the surge point but were much lower than
the designed figure of 83 per cent at 10,000 r.p.m. No adjustment has been made for air
leakage and the mass flows are as measured at the compressor delivery, but corrected in the
usual manner to normal temperature and pressure conditions at entry. The speeds of the
- first, fifth and eighth stages have been plotted and their mean just before the surge point marked

‘on the pressure curves. It was not possible to obtain a higher speed than 6,500 r.p.m. with the
low turbine mass flows and temperatures used in the early tests. :

. 6.2, Compressor as Modified.—The reasons for altering the compressor have been stated in

section 3.2 and the results of the initial compressor tests confirmed that the characteristics
would not match those of the turbine. Modifications were, therefore, put in hand.. These
consisted of fitting a new compressor casing with the diameter reduced by 0-58 in. opposite the
leading edge of the first stage blades, but with zero reduction opposite the trailing edge of the
final stage. Between these points the casing had a straight taper. To mate with the new casing
the blade heights were reduced by a progressively decreasing amount from the first stage to the
last so that the tip clearance remained the same as before the change.

The effect of the change was not very marked upon the pressure ratio, but produced a noticeable
improvement in the efficiency, as can be observed in Fig. 10. Unfortunately, no test was made
which would permit a direct comparison of the characteristics before and after modifications.

6.3. Compressor Coupled Directly to Turbine.—As already stated, when the compressor was
-feeding the turbine it was not possible to vary the compressor mass flow or pressure ratio without
affecting the turbine condition. Also artificial conditions were produced by the necessity for
boosting the compressor intake pressure in order to obtain sufficient pressure to drive the turbine.
These conditions are discussed more fully in a later section. The compressor was only connected
to the turbine after the modification described in section 6.2 and the results, which are detailed
in Table, 2 should be read in conjunction with those of that section.

The compressor pressure ratios and efficiencies at various speeds are plotted on Fig. 11 for
constant mass flows. Pressure ratio and efficiency increased with speed, but the latter flattened -
off at the highest speeds. The mass flows were maintained by feeding air to the compressor
intake from the factory compressors and varying the boost as the speed altered. The speed was
controlled by varying the turbine entry temperature. By drawing an ordinate at constant speed
to intersect the constant mass-flow lines it is possible to construct a pressure-ratio mass-flow
curve. This has been done for a mean speed of 5,330 r.p.m. and the result plotted on Fig. 10.
In comparing it with the characteristic obtained in the normal manner it will be observed that
the pressure ratio is similar but that the mass flow 1s much greater. This is explained by the
air leakage and the position of the measuring orifice. In the normal tests the air flow was
measured at the compressor delivery after the leakage points, but in the turbo-compressor
running, it was measured at the intake before the leakage occurred. It will be seen that in
the latter case the flow is approximately double at the same pressure ratio.
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An examination of the stage pressure characteristics was made by the use of static measuring
points after each stage and by the insertion of a combined pitot tube and yawmeter in the delivery
annulus. The pressure distribution was generally as would be anticipated except at the delivery,
where the loss dueé to the poor diffuser conditions was even greater than the full velocity head.
A typical example of the pressure rise through the unit for a mean speed of 5,570 r.p.m. is given
in Fig. 12, together with the stage pressure ratios and estimated rotor speeds. The entry pressure
is above atmospheric because of the necessary boosting of the compressor. The yawmeter
indicatéd that the absolute angle of the air leaving the last stage was 25 deg to 30 deg from the
axis, which was in accordance with what would be expected from the blading angles.

During these tests slight grooves were cut near the leading edge on both the convex and concave
faces of all the compressor blades in the first and second stages. The grooves extended for the
full height of the blades and can be clearly seen in Fig. 6. The object was to produce a local
turbulence near the faces of the blades and so postpone any tendency to stall. There was no
noticeable improvement in the performance following the modification.

7. Theymodynamic Tests.—The foregoing has described tests from the compressor aspect only
and it is now intended to detail the behaviour of the turbine and of the complete unit operating
as a gas turbine plant. Typical test figures and results are contained in Tables 1 and 2.

7.1. Turbine.—It is always possible to accelerate a gas more easily than to diffuse it and thus
the design of turbine blading is not so critical as that of a compressor. There is also considerable
design data and much experience available and it was not considered that any serious departure
from the designed performance need be anticipated. The chief interest was, therefore, con-
centrated upon the compressor and the turbine was subjected to less detailed measurements.

Measurements of pressure and temperature were made in the entry annulus and the exhaust
pipe. The turbine pressure ratio was based upon the pitot pressure at entry and the static at
exhaust, on the assumption that the carry-over velocity was wasted. This resulted in a low
value of the calculated turbine efficiency, especially as the diffuser efficiency of the discharge
annulus was very poor, but it was desirable to use this pressure ratio from the viewpoint of
estimating the self-driving conditions. The values obtained are plotted against speed in Fig. 13.

During the early tests when the turbine was fed with cold air, independent of the compressor
conditions, measurements of exhaust temperature were not taken and consequently no calcula-
tions of efficiency were made. As a matter of interest it may be noted that the temperature drop
was sufficient to cause deposition of snow on the exhaust pipe, indicating that the turbine could
be used as a refrigerator. '

With hot gases, the measured temperature drop was found to be four or five times as great as
the adiabatic temperature drop corresponding with the pressure ratio. Investigations revealed
a considerable variation in temperature across the discharge annulus, but still giving an impossible
temperature drop. It was concluded that the excessive drop was brought about by the cooling
effect of air leaking into the turbine gas stream. Definite evidence of this has been collected in
Appendix IV, and there it is shown that the actual amount of leakage was approximately 50 per
cent. of the compressor entry mass flow. At least 30 per cent. leaked across the separating
shrouds and the remainder through a poorly-fitting expansion joint on the delivery volute. Under
the designed conditions the shroud leakage would have been much less because the air density and
pressure drop would have been less. The calculations in Appendix IV suggest that it would have
been of the order of 4 per cent.

In order to obtain some idea of the turbine efficiency a figure for the true turbine temperature
drop was calculated by equating the work done on the compressor and the work done by the
turbine. An allowance was made for the difference in specific heats and average values to cover
the whole test range were used. For the compressor the ratio of specific heats at constant pressure
and constant volume was taken as 1-398 and for the turbine as 1-389 throughout. On this basis
the turbine efficiency fell away with increasing speed as indicated in IFig. 13 but the figures are
fictitious because of the air leakage. It is probable that under conditions of no leakage the
efficiency would be reasonably close to the designed figure of 92 per cent. '
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7.2. Turbo-compressor—When the unit was coupled as a.complete turbo-compressor plant the
compressor should have been able to achieve a pressure ratio sufficiently in excess of the turbine
pressure ratio to overcome the combustion chamber losses at all speeds above a comparatively low
figure. In fact it was not able to do so and air under pressure had to be supplied to the intake in
order to boost the delivery pressure to that required to overcome the losses and operate the
turbine. This limited the range of tests, but sufficient information was obtained to form an idea
of the behaviour of the combination of turbine and compressor. The chief results are illustrated
graphically in Fig. 14.  Gas temperature at entry to the turbine has been plotted against the mean
speed of the three measured rotors for a series of mass flows. The mass flows are measured before
entry to the compressor and therefore take no account of the internal leakages. - Increasing the
mass flow, which corresponds to an increased intake boost, or increasing temperature raised the
speed and the limit to the tests was set by the mass flow at 220 Ib/min and by the temperature at
540 deg C. ~ The former was fixed by the capacity of the external compressors to supply boosted

.air to the intake and the latter by the onset of surging. A test at 575 deg C. (reading number
25, Table 2) was attempted, but the speed immediately dropped and was accompanied by con-
siderable noise. Steady conditions were attained and measurements of pressure ratio and
efficiency showed a catastrophic fall.  On reducing the temperature to 538 deg C. (reading
number 26) the speed increased and the noise was reduced. . The pressures and efficiency still
seemed to be lower than the previous readings would suggest, and it is possible that some stages
were stalled even at this temperature.

There was a marked variation between the measured stage speeds and these have been plotted
in Fig. 15 for various mean speeds. The unmeasured stage speeds have been interpolated and it

appears that the ninth stage reached a figure of 10,500 r.p.m. in reading number 26, while the
means of the measured speeds was only 9,280 r.p.m. ’

8. Discussion of Results.—The performance fell much below the expected figures, but this can
be ascribed largely to the inefficient compressor blading which was designed in ignorance of the
true effects of large negative stagger angles when combined with large cambers. A detailed
analysis of the results was not possible because of the uncertain test conditions, produced par-
ticularly by the excessive air leakage. Attempts to deduce the actual operating conditions
required so many assumptions that it was felt that the calculations might prove completely mis-
leading and they have not been included. Some general comments upon the observed charac-
teristics and their relation to the design are given below.

8.1. Efficiency.—As already remarked the measured compressor efficiency was low. Some loss
was caused by the poor design of the test delivery volute which failed to recover any of the
velocity head of the air after the final stage. The effect of this was to reduce the efficiency by
6 per cent. or 7 per cent. near the operating point as can be seen by comparing the pitot and static
head efficiencies in Table 1. ~The temperature in the volute was greater than that in the delivery
annulus, and this also would reduce the efficiency. The increased temperature was probably

due to heat picked up from the walls of the volute which were in contact with the hot turbine
gases.

Apart from these causes, an estimate of the stage efficiency revealed that the maximum
efficiency could only be of the order of 77 per cent. compared with the designed figure of 85 per
cent. The efficiency depends upon the losses, which can be listed as blade-profile losses, blade
tip and other losses. The latter depend upon the ratio of tip clearances to blade heights, aspect
ratio and skin friction and are usually small. In normal designs they amount to some 10 per
cent. or 15 per cent. of the total losses and are sensibly constant with varying incidence. The
blade-profile losses are obtained from cascade tests and reach a minimum value at an angle of
incidence below the stalling angle. From these losses it is possible to plot stage efficiency against
incidence. At a large negative incidence there will be no deflection of the air and the efficiency
will be zero.  As the incidence becomes less negative the efficiency increases to a maximum and
then falls away as the stalling incidence is approached.
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The incidence angle can be seen from Fig. 8 to depend, apart from the actual blade angles, upon
the ratio of peripheral to axial velocity. This increases as the air flow is reduced. Each stage did
not have the same incidence because of the effect of density on axial velocity and the leakage from
the compressor. Consequently all stages were not working at the optimum efficiency at the same
time and the overall efficiency was low. After the modification to the blading, the axial velocities
in the low pressure stages were increased and this reduced the mass flow giving optimum efficiency
in these stages to a value nearer that obtaining in the high-pressure stages and there wasa resultant -
improvement in the overall efficiency. The increase in efficiency with increasing rotor speeds-is
also due to the more uniform incidence prevailing in the various stages, but a limit to the increase
would be set when all stages were working at the optimum efficiency at the same time. This
condition, or a near approach to it, appeared to be near at hand at the highest speeds attained by
the unit. :

8.2. Pressure Ratio.—The pressure rise through a compressor stage is given by

6P=77§pC“U(tana1——tanor.2) . .. . . . . .. (1)
where 7, efficiency of stage
p air density in stage = P/RT

P, T  air pressure, temperature in stage
R gas constant
and the other symbols are defined in Fig. 8.

This may be re-written as

6P ., U? ‘ .
5 = constant X s TU [1 — %‘ tan ocz} .. .. .. . .. (2)

which indicates that the pressure ratio depends upon the stage efficiency, temperature, rotor
speed and axial air velocity. As explained above, the efficiency was low and consequently the
pressure ratio was low. After the modification to the blading, the increased C, would tend to
reduce the pressure ratio, but as it also held the incidence nearer to the point of optimum efficiency
the two effects neutralised each other and there was very little nett change.

The influence of peripheral velocity is important and its variation through the stages is dis-
cussed in the next paragraph. An example of the pressure rise and peripheral speed in the
stages is given in Fig. 12. The speed is almost constant through the first five stages, but there is
an increasing pressure ratio due to the improving efficiency as the axial velocity decreases.
Beyond this stage the speed increases rapidly while it is probable that the efficiency has passed
the optimum value and is tending to reduce the pressure ratio. The nett result is a continued
increase, but not as rapid as the increase in speed alone would suggest.

8.3. Rotor Speeds.—The peripheral velocities of the stages did not follow the designed figures
as can be seen by reference to Fig. 15 where the designed rotor speeds have been plotted for
comparison with the actual.. Another interesting feature is the variation of stage speeds with
independent compressor and turbine mass flow shown in Fig. 10.

The running speed of any wheel is dependent upon a balance being attained between the turbine
and compressor work and an examination of the factors governing these will enable an explanation
to be offered for the observed changes in speed. By equating the work done we may write

WG.UZ[I—-%tanocZB}=W2U,2[ch—itanoc2¢—l:| R -1
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where W mass flow
U peripheral velocity
C ,  axial velocity
oty discharge angle

and suffixes ¢ and ¢ refer to compressor and turbine respectively. For the purposes of a pre-
liminary investigation it may be assumed that the discharge angle w, is constant and that the
work done depends only upon the mass flow, axial and peripheral velocities.

Consider first the compressor characteristic tests with constant turbine flow and varying
compressor flow. A change in the latter by throttling will result in a change of axial velocity, and
the compressor work with a steady peripheral speed will depend upon the relative importance of
W,and C,.. There will be one value of W, producing maximum work and a decrease or increase
will reduce it. In the turbine the mass flow is constant and at constant peripheral speed the
only change in the work done occurs when C, alters due to changes in density. At a high
compressor mass flow it has been calculated that the ninth stage will be operating beyond the
point of maximum work, and any reduction in mass flow will increase the work done. As the
turbine entry conditions are constant, the work done by the turbine at the initial rotational speed
will be constant. The throttling on the compressor side means that the compressor will demand
a greater input than is available from the turbine, and the rotational speed will fall. At some
lower speed equilibrium will be restored and the new work done in the stage will be less than the
initial. In the eighth stage the compressor mass flow is always greater than in the ninth because
of air leakage, but the work done is close to the maximum for the fixed peripheral speed, and
changes in mass flow due to throttling have little effect upon the work. On the turbine side the
reduction in work in the ninth stage after throttling leads to a higher density before the eighth
stage and hence a lower axial velocity and less work. The reduction in work is small, and there
is little change in peripheral velocity to maintain the balance of turbine and compressor work.
In the following stage a reduction in the compressor mass flow reduces the work done. This
more than counterbalances the reduction in turbine work following the increased density, and
there will be a slight increase in speed before the equilibrium point is reached. The process is
continued in succeeding stages, but in the lower pressure stages reduction in the compressor mass
flow reduces the work done at constant peripheral speed rapidly while the turbine work is
reduced only slightly. There will be a large increase in speed which may increase the turbine
work to a figure slightly in excess of the original. The overall work done by the turbine remains
constant, but there is a re-distribution among the stages due to the altered speeds and
variations in speed plotted in Fig. 10 fall into line with this explanation. - '

Considering now the variations in speed which occur when the unit is connected as designed,
it-will be observed that the mass flow through any stage will be the same through compressor and
turbine blading irrespective of the amount of leakage. The mean blade peripheral speeds will
bear a fixed ratio to each other, and so the equilibrium speed depends only upon the axial
velocities. An increase in velocity of either or both sides will produce an increase in rotor speed.
The axial velocities depend upon the cross-section areas and densities and as designed should
give a slight fall in speed towards the centre stages and a rise again towards the high pressure
end. The observed speeds differ because the actual densities depart from the designed values
owing to the inefficient compressor blading and because the air leakage modifies the axial velocity.
Thus in the ninth stage the axial velocity varies as W T/4 P, but in the eighth stage as
W+ oW) (T —6T)/(A + 64) (P — 6 P) where A is the cross-section area and the other
symbols are as before, ¢ representing increments. In the turbine, if no leakage occured 6W
would be zero and the change in the value of C, through the stages would be small. With
leakage, the cocling effect of leakage air produces a large 67" and C, falls. This is offset in part
by the increase in W, but the nett effect is a considerable fall in rotational speed. On the com-
pressor side the same expressions give the changes in axial velocity, but here it is probable that
the increase in W is not balanced by the reduction in 7 and there is an increase in C,. This
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tends to increase the rotor speed, but not sufficiently to become effective against the reduced
value of C,. In the lower stages C, becomes more important, and C, falls less due to the
temperature change being less and the mass flow change more. There is thus a point where
rotational speed ceases to fall and may even rise again. From Fig. 15 it appears that at low
mean rotor speeds the low turbine axial velocity still predominates and the speed in the first stage
is the lowest.

8.4. Self-running Chavacteristics—It was evident at an early stage in the tests that the unit
would not be able to drive itself without attaining abnormal conditions, and during the whole
course of the tests it was not possible to reach a self-running state. From the test figures an
estimate of conditions under which self-running would have been attained has been made.

The compressor and turbine pressure ratios plotted in Figs. 11 and 13 have been combined
in Fig. 16, and it will be seen that at any speed the turbine pressure ratio is greater than that of
the compressor. At a constant mass flow the two curves converge as the speed increases and
would eventually intersect. At this point, the pressure ratios are equal, and if it is assumed
that there is no pressure loss in the combustion chamber or connecting pipes between the com-
pressor delivery and turbine entry, there will be a balance of air intake and gas discharge
pressures. The unit will then be capable of running without external assistance.

By extrapolation of the test curves in Fig. 16 the points of intersection at various mass flows
have been obtained and plotted in Fig. 17 against the corresponding speed in r.p.m. In the
same way, the mass flow is plotted against the speed in r.p.m. Then, by referring to Fig. 14 and
extrapolating the curves, the gas temperatures corresponding to the self-running mass flows, and
the speeds in r.p.m. already plotted are obtained. From this temperature curve the impossi-
bility of obtaining a self-driving state is evident. If an allowance were made for the combustion
chamber and pipe losses, the limiting temperature with no flow would be in the neighbourhood
of 800 deg. C., but the maximum at which running has been maintained is 540 deg. C.

The high gas temperatures required are again due to the inefficient compressor blading and the
large air leakage, but also in some degree to the compressor intake temperature. The significance
of the latter is brought out by a consideration of the balance of turbine and compressor work
from the thermodynamic aspect. This may be written as :

W¢T1c[sc(y;1)/y_1:|:WtTltml:l__l—} N )

Y, st y—1)fy
where suffices ¢ and ¢ refer to compressor and turbine respectively, and

W mass flow

T, entry temperature

n  adiabatic efficiency

s  pressure ratio

y  ratio of specific heats.

For self-running conditions, the compressor and turbine mass flows are equal and also the pressure
ratios. Assuming equal specific heats in the compressor and turbine, equation (4) may be
re-written as

T, (
S = ==X, s - .. .. .. .. .. .. 5
Moy = . (5)
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From this it can be seen that, other things being equal, a rise in compressor-intake temperature
necessitates a proportional rise in turbine-entry temperature to maintain self-running conditions.
The compressor air temperatures at entry in the tests were between 45 deg. C. and 75 deg. C.,
which would mean absolute gas temperatures between 10 per cent. and 20 per cent. higher than
if the entry air had been at 15 deg. C. This, in turn, requires a higher figure than under the
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designed entry temperature of —50 deg. C. The gas temperature is also inversely proportional
to the efficiency product which is shown in Table 2 to lie between 0-43 and 0-47 as compared
with the designed figure of 0-77. '

The compressor mass flow under self-running conditions would apparently be much lower
than the designed figure. At 10,000 r.p.m. it would be only 190 1b/min. compared with the
N.T.P. equivalent of the designed flow of 490 1b/min. The low flow is due to the need for a
low axial air velocity in order to increase the blading incidence and improve the pressure rise.
It is probable, however, that before the self-running pressure ratio is reached that the blades
will stall and the unit will surge. The surge points of the compressor pressure characteristics
occur at larger mass flows as the speed increases, so that for a constant mass flow the operating
point will approach the surge point as the speed increases. Eventually, a speed will be reached
at which the compressor just stalls and the operating point will fall down the mass flow line
until it reaches a stable point in the stalled part of a characteristic. This will be at a speed and
pressure less than those reached just before the stall, and if the latter are less than those indicated
by the intersection points of the turbine and compressor ratios in Fig. 16, it is obvious that the
intersection pressure ratio cannot be reached in any circumstances. Such stalliig occurred
during the tests as described in section 7.2.

9. Mechanical Testing—The chief object of this part of the programme was to obtain the
maximum information about the constructional features of the unit. - The runs had been arranged
so that the effects of mechanical and thermal stresses could be separated and observed in a
progressive manner. A total running time of 75 hours was completed, made up of 30 hours with
cold air only and 45 hours with hot gases. The results of the running and modifications made
are detailed and discussed under the following headings :—

1. Wheel temperatures.

2. Cooling air.

3. Bearings.

4. Lubrication.

5. Other constructional features.

9.1. Wheel Temperatures.—The temperature distribution in the high-pressure wheel was
investigated by the use of thermal indicating paints. These paints change colour at fixed
temperatures independent of the atmosphere to which they are exposed and have been previously
reported to give reliable results.> A series of paints with colour changes occurring at various
temperatures between 140 deg. C. and 500 deg. C., were applied in radial strips to both sides
of the wheel irom the bearing housing to the compressor blade tips.

The unit was run under carefully controlled conditions at a measured gas entry temperature
of 400 deg. C. and an estimated rotor speed on the high pressure wheel of 5,600 r.p.m. for a period
of 15 min. The speed and temperature were increased slowly at the beginning of the run in a
period of 10 min. and reduced again at the same rate after the steady state..

The results deduced from examination of the paints after the run are shown in Fig. 18. They
must be regarded with a certain amount of caution because the precise position of the colour
change was sometimes difficult to determine and small variations of temperature were not shown
up. The compressor blade temperature was higher at the shrouds than the delivery air tempera-
ture, but there was no indication of the temperature over the rest of the blade. Just below the
shrouds the turbine blades were comparatively cool and the blade temperature did not reach
~ the measured gas temperature until about midway between the shrouds and the roots.. This
temperature distribution is ascribed to the effects of air leakage from the compressor annulus
into the turbine entry. The full gas temperature was maintained in the rotor disc below the
blade roots down to the narrow constricting section where a drop of approximately 150 deg. C.
occurred. It is probable that the bearing outer race temperature did not differ much from that
of the housing and can be assumed to be 250 deg. C. The inner race temperature was measured
by a thermocouple and reached 160 deg. C. The low-pressure side of the wheel had much the
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same temperature distribution over the blading, but fell away more rapidly in the disc towards
the bearing, where it was approximately 50 deg. C. cooler than on the high-pressure side. These
figures suggest that the original design would be suitable for gas temperatures of the order of
300 deg. C., which would keep the bearing temperature below 200 deg. C.

The use of paints was helpful and at a later stage in the testing they were again used. Their
object was to give information upon the temperature gradients in all wheels, upon the effects of
modifications in the bearing cooling arrangements and upon whether air was leaking across the
shrouds. The gradients were all similar in form to that shown in Fig. 18 but with lower values
in succeeding stages towards the low-pressure end and with correspondingly lower bearing
temperatures. The effect of the cooling modification on the high-pressure stage is shown in
Fig. 18. The inner race temperature was reduced to 65 deg. C. and the outer race from 250 deg. C.
to 150 deg. C. The drop in temperature across the restricting section was increased by 100 deg. C.
Details of the modifications producing this improvement are given in section 9.2. The air
leakage was difficult to assess, but the approximate temperature distribution across the turbine
blades in each stage is given in Fig. 19. The curves give definite evidence of air leakage from
the compressor and are discussed further in Appendix IV.

9.2. Cooling Air.—To prevent hot gases leaking towards the central shaft and damaging the
bearings a labyrinth gland was fitted outside each bearing housing and the pressure inside
maintained above the gas pressure by feeding compressed air through holes in the shaft. The
air was bled from the compressor delivery and the estimated leakage past the gland was approxi-
mately 0-1 per cent. of the compressor throughout. At altitude the compressor delivery
temperature would be 65 deg. C. to 70 deg. C. so that a slight amount of cooling would be provided
for the bearings. The main object of the air was, however, to seal the bearings against the
detrimental effects of hot-gas leakage.

- The air seal was not effective in maintaining the pressure because the gland leakage area as
designed was too great. Two holes 1/16-in. diameter were provided in the central shaft for each
bearing while the nominal gland tip clearance at a radius of 1-2 in. was 0-003 in. After a short
_ period of operation the effect of this was aggravated by wearing of the tips and an increase in
the clearance to 0-006 in.

The first modification to the unit was introduced because of this and the fact that during the
early tests the compressor delivery air pressure was often less than the turbine gas entry pressure.
The modification consisted in coupling an external compressed air supply to the sealing air pipe.
This enabled the pressure to be maintained around the bearing housing by the use of a higher
supply pressure and the mass flow to be varied to give increased cooling. The throttling effect
of the 1/16-in. diameter feed holes imposed a limit to the flow and above a gas temperature of
300 deg. C. overheating of the bearings in the high pressure stages commenced. The air was
fed along the central shaft from the low pressure end and picked up considerable heat before
reaching the bearings. To avoid this the direction of feed was reversed and the air entered the
shaft from the space in the centre of the high-pressure end casing. It was led in by holes drilled
through the centralising pins. This gave an improvement but heat was now picked up from the
end casing and the air temperature before reaching the bearings was still over 100 deg. C.

The next modification was to lead the air directly from the centralisers to the shaft through .
5/16-in. diameter pipes to reduce contact with hot surfaces. Further cooling was introduced
for the ninth stage wheel by splining the bush holding the centre and permitting air to blow
through on to the face of the wheel. From the sixth to the ninth stages the feed holes of 1/16-in.
diameter were opened to 3/32-in. diameter. This permitted the cooling air flow to be doubled
and it was possible to run with a gas temperature of 500 deg. C. for brief intervals. Further
opening of the holes to 1/8-in. diameter resulted in an improvement in bearing conditions, but
the gas temperature was limited to 540 deg. C. through compressor surging. '

Some measurements were made of the cooling-air mass flow at various pressures and these
are recorded graphically in Fig. 20. The effect upon the bearings is discussed in the following
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section, but it should be borne in mind that the air was employed in a manner different from.
that de51gned owing to the failure of the sealing glands to restrict the flow and the excessive
temperatures to which the bearings were subjected.

9.3. Bearings.—The bearings are a vital point in the construction of the unit. It was realised
that they would be subjected to abnormal temperatures and high speeds, but the journal and
thrust loads were light. The makers were consulted and a deep-groove ball bearing was
recommended. The balls and races were specially tempered to permit of running temperatures
up to 200 deg. C. The fit of the balls in the races was made the second standard to provide a
certain degree of slackness so that differential expansion of the races would not cause tightening up:
Below the high pressure (ninth-stage) bearing a thermocouple was fitted to give an indication
of bearing temperature. It was originally arranged through a hole m the central shaft and only
gave the temperature of the shaft below the bearing. This might differ materially from the
inner race temperature and at a later stage in the tests the couple position was altered so that it
was nipped between the race and the retaining shoulder of the shaft.

It was found that with inner-race temperatures below 150 deg. C. satisfactory runmng could
always be relied upon. From the wheel temperature tests it was observed that there was a drop
of approximately 100 deg. C. across the balls when the inner race was at 150 deg. C. and running
at 5,600 r.p.m. In this condition the outer race was above the manufacturer’s recommended
permissible operating temperature, but there were no signs of failure. Inner race temperatures
up to 200 deg. C. were recorded without any sudden failure. On examination after subjection
to these temperatures a slight degree of roughness could be felt when the bearing was rotated,
but owing to shortage of replacement bearings, they were not discarded and gave a number of
hours further service without trouble. These results were obtained after improving the air
cooling by introducing grooves in the high-pressure end bush and opening out some of the
air-feed holes from 1/16-in. diameter to 8/32-in. diameter. This was the condition when the
first test with the temperature-indicating paints was made. The second paint test was made
after opening the holes still more to 1/8 in. diameter.

In the original arrangement the limiting bearing temperatures were reached with comparatively
low gas temperatures and many of the modifications already described were to enable higher
gas temperatures to be tried. The bearing temperature appeared to be dependent upon the speed
of rotation, the gas temperature and the quantity of cooling air. No attempts were made to
reduce the temperature by such methods as improved lubrication or heat insulation of the bearing
races, and all improvements were due to more effective use of cooling air. A complete study of
bearmg temperatures was not made, but the effect of the variables is indicated in Fig. 21 for the
two improved cooling conditions mentioned above.

A number of failures were recorded but in most cases these followed the application of excessive
temperature to the turbine and were confined to the higher pressure stages. On only one occasion
did a bearing collapse completely. This occurred to the eighth stage bearing after approximately
1/2 hour running at speeds varying between 7,000 and 8,000 r.p.m. and gas temperatures which
did not exceed 365 deg. C. There were no noticeable symptoms before the bearing cage burst,
but afterwards there was considerable noise and the indicator recorded zero speed. The displace-
ment of the balls allowed the wheel to drop until it ‘was supported by the labyrinth gland and
housing of the ninth-stage bearing. This radial movement resulted in scoring of the compressor
casing by the blades and the wearing away of the air sealing glands. The heat generated increased
the temperature of the ninth-stage bearing which also seized up solid. No other damage resulted,
but it was evident that the whole unit had at some time been subjected to a high temperature
as lubricating oil had carbonised on all the wheels. The bearings in the lower-pressure stages
all bore signs of heating, but after cleaning and examination they were considered suitable for
further running. This was the only occasion when the lower stages showed signs of overheating
and their appearance would suggest that hot gas had not been excluded from them. The ninth-
stage bearing temperature had been reading quite low and on this account the cooling air pressure
was reduced. It was afterwards found that there had been a breakdown in the bearing
thermocouple insulation, and probably the low air pressure was responsible for the failure.
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On a number of occasions rapid shut downs from high temperature were necessary and this
resulted in some overheating of the bearings while stationary. After none of these did a bearing
fail, but it is believed that deterioration occurred.

The designed slackness of the bearings seemed to be an error caused by following previous exhaust
turbo-blower practice. In the present application the heat is transmitted to the bearing from
the wheel and not through the central shaft. Consequently the inner race is always at a lower
temperature than the outer race and the clearance tends to increase. No trouble in the bearings
themselves could be ascribed to this, but the danger of wheels touchmg through tilt or end

movement was increased.

In general it appeared that the bearings perforined satisfactorily up to outer race temperatures
of 250 deg. C., and juite severe temperature overloading did not produce an immediate failure.
- A failure was not catastrophic as only a small amount of damage resulted and the remaining
stages continued to rotate freely. An improved arrangement of mounting the bearmg in order

to reduce heat transmission would be beneficial.

9.4, Lubrication.—The designed lubricating-oil pressure for the bearings was 8 1b/sq. in
above the compressor delivery pressure, but it was soon found that with this figure, consumption
was excessive. Most of the oil leaked past the bearings and labyrinth glands outside the bearing
housings into the spaces between the turbine blades. There it was cracked and partly burned
by the hot gases, producing an asphaltic gum on the blades and blue smoke in the exhaust
The pressure was reduced to 2 to 3 1b/sq. in. above the gas pressure at entry to the turbine, but
the consumption still reached a figure of 2 pints/hr for each bearing.

The oil is fed through orifices formed from slots in the distance pieces which are mounted on
the central shaft and fitted between bearings. The space above the distance pieces is fed with
air from the compressor delivery and maintained at pressure by the labyrinth sealing glands.
"The oil metering pressure drop should be fairly constant at all stages, but owing to the sealing
glands being ineffective the pressure above the orifices depends upon the turbine stage pressure.
In practice, this means that the oil metering pressure at the low-pressure end may be 10 lb/sq. in.
or more greater than at the high-pressure end. A further difficulty is that the flow varies inversely
with the oil viscosity and the viscosity changes rapidly in the region of normal operating
temperatures. Thus a small change in oil temperature may produce a large change in the metering

characteristics.

Tests were carried out with the shaft and bearings mounted on the bench so that the oil flow
from individual bearings could be measured. The oil used was a mixture of equal parts of
standard engine oil (D.T.D. 109) and a thin anti-freeze oil (D.T.D. 44B) which had proved
satisfactory for ball bearing lubrication in supercharger tests. The results of the tests are
summarised in Table 3. It was found that the original metering slots of shallow rectangular
section passed too great a flow, but were liable to blockage as their depth was only 0-003 in.
*V’ grooves were tried and one with a depth of 0-005 in. gave an adequate flow, but choking by
foreign matter could not be prevented even with the use of a 0-005-in. mesh gauze filter in the
line. Finally a groove of 0-010-in. depth was used in order to prevent lubrication failure and
the increased oil flow accepted for the duration of the tests.

It was concluded that the existing oiling system was unsatisfactory because the size of the
metering orifices was impracticably small, the pressure drop was not adequately controlled and
small temperature variations resulted in large changes of oil flow. Finally the amount of oil
reaching the balls and races was a matter of chance as there was nothing to prevent all the oil
leaking straight past the side of the bearing. Probably some form of pre-mixed oil mist fed. to
the bearings with the cooling air would be a more satisfactory arrangement. .

9.5. Other Constructional Features.—Most of the troubles which occurred during developments
were connected with the use of temperatures above the designed figure.
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Trouble was experienced through reduction of the clearancé between the high-pressure wheel
and the end casing. The initial axial clearance when cold between the ninth-stage wheel and the
adjacent casing was 0-025 in. and at a gas temperature.of 280 deg C. this was completely taken
up and rubbing occurred. The rub was quite uniform around the whole rotor periphery just
below the turbine blade roots and also close to the sealing gland outside the bearing Housing.
No serious damage was done and the trouble was overcome by inserting a shim 0-019 in. thick
between the compressor casing and the end casing. This was quite effective until gas temperatures
of the order of 500 deg. C. were used, when the trouble re-appeared. A second shim 0-018 in.
wide was then added. The reason for the large cold clearance was not at first apparent, but it
was probably due to the form of construction which permitted considerable relative expansion
of the parts. These expansions are discussed in more detail in Appendix V.

At 500 deg C. touching between the higher-pressure rotors occurred. ~ The cold clearance
between adjacent rotors was 0-019 in. and the maximum expansion of the wheels would absorb
0-012 in. On examination it was found that rubbing was only apparent at some of the blade
roots, suggesting that the blades were slightly proud at these points. 0-004 in. was ground off
the rotor faces to increase the clearance and ensure that no blades were protruding. A successful
run was then made without rubbing, but after a further 12 hours running under varying conditions,
rubbing again occurred at 500 deg. C. It was then apparent that some movement of the blade
roots in the rotors of the seventh, eighth and ninth stages had occurred. The evidence suggested
that there had been sufficient movement of at least one blade to take up the clearance and cause
a slight rub. This would tilt the wheel and set up an oscillation which would produce heavy
rubbing and tilting of the adjacent wheels. These would, in turn, rub against their neighbours.

The movement of the blades was out of the hub on the high-pressure side and may have been
caused by some racking action produced by differential expansion of the austenitic steel of the

blades and the carbon steel of the hub. There was no evident loosening of the root fixing at
room temperature. ‘

Tilting of the wheels did not cause any trouble apart from the rubbing mentioned above as
there were no disturbing forces present. In flight, gyroscopic forces would tend to tilt the wheels
and it is considered that some improvement is necessary to restrain the wheels and avoid the
possibility of heavy rubbing. Measurements of tilt indicated an average movement of 4-0-010 in.
from the normal position of the wheels at a radius of 4 in. when the bearings were cold and new.
After a few hours running the movement was found to be as great as 4-0-020 in. In addition
the bearing slackness increased as the temperature was raised and under operatmg conditions
the possible tilt would be still greater. :

Some permanent tilt of the wheels was discovered to be due to a minor fault in construction.
The bearings could not be pulled down square with the faces of the wheels in which they were
housed because the radius joining the end face and the bore of the housing was too great. This
threw the wheel out of truth, but was easily rectified by machining down the faulty radius. While
referring to the Workmanshlp it should be pointed out that the manufacture of the blades and
their assembly on the wheels entailed very difficult machining operations and careful fitting.
These had been done very thoroughly, but for quantity production more simple construction or
manufacturing processes would be desirable. The blade profiles were examined by projection
and enlargement equipment and in general the blade angles agreed with the designed values.
There were one or two cases of bad reflex curvature at the leading edges, but these were due to
the hand finish employed.

No trouble was experienced with radial expansion, the bladetip clearance being 0-030 in. at
all stages, and no distortion due to the severe heating conditions was observed. Some stress may
have been set up in the entry-end casing as the outer sections were comparatively cool and the

-inner sections were subjected to high gas temperatures. A form of construction similar to that
employed at the high-pressure end would be more satisfactory. .
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Some wear of the sealing glands occurred and measurements made upon a new labyrinth gland
fitted between the eighth and ninth-stage wheels after a bearing failure showed a clearance
increasing from 0-003 to 0-006 in. after running for 10 hours.” Wear of the glands between the
blading shrouds also occurred. but no reliable measurements of this were obtained.

10. Conclusions.—The unit has largely fulfilled its purposes of providing information and data
for future designs, particularly from the mechanical aspect, and it may be concluded that despite

the poor aerodynamic results, the type is well worth further development.

The aerodynamic performance was very disappointing, but can be accounted for in the light of
more recent knowledge and should not recur in future designs. The compressor blading had a
low efficiency due to the large camber and negative stagger angles employed and could not,
unboosted, produce sufficient pressure before stalling to drive the turbine. The performance of
- the latter was masked by the large air leakage from the compressor which assisted in raising the
gas temperature required to extremely high figures.

From the mechanical view-point there does not appear to be any radical cause why good running
should not be obtained and maintained. The unit is compact and the independently rotating
wheels permit the failure of cne or more rotors without endangering the whole unit.

An important feature is the complicated machining and fitting processes involved in the ‘con-
struction. Precautions are necessary to prevent any movement of the blades out of the hubs,
and provision must be made to prevent the wheels touching each other due to thermal expansion
or tilting.

As designed the unit was suitable for running at temperatures up to 300 deg. C. Above this,
‘the major trouble was in maintaining the bearings at reasonable temperatures. Improvements
are desirable in the bearing lubrication, cooling and heat-insulation systems. Attention must also
be paid to the prevention of air leakage between the compressor and turbine blading and to
adequate allowance for thermal expansion. These features will become more important as the
operating temperatures are raised. '

APPENDIX I

- Details of Contra-flow Turbo-compressor Design

1. Designed Operating Conditions.

Condition - Compressor Turbine
Entry pressure .. .. 1b/sqin. abs. .. .. . 5-45 14-30
Delivery pressure .. .. Ib/sq in. abs. .. .. .. 14-70 5-47
Entry temperature . deg C. abs. .. .. .. 238 416
Delivery temperature .. deg C. abs. .. .. .. 334 325
Number of rotors .. .. .. .. .. .. .. 9 9
Mean rotor speed .. . r.p.m. .. .. .. .. 10100 10100
Mass flow .. .. .. Ib/min. . ce .. 200 200
Pressure ratio . .. .. .. .. .. .. 2:-7:1 2-62:1
Overall efficiency .. . .. . .. .. .. 0-83 0-92
Stage efficiency .. .. .. .. .. .. .. 0-85 0-90
Power . .. .. hp. .. .. .. .. 213 213
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Blading*.
Inlet angle
Exit angle ..
Camber angle
Stagger angle
Radius
Chord :
Number of blades/rotor
Pitch/chord ratio ..

| Entyy-guide Blades.
Inlet angle
Exit angle ..

2. Dimensions and Weighis.
Overall length of unit

Overall diameter of unit ..
Total weight of unit

Rotor width .

Rotor weight (average)
Bearing size

Bearing weight

3. Materials. *
Low pressure end, casing ..
High pressure end, casing
Cdmpressor casing
Blades
Rotor hubs
Bearings distance pieces .
Central shaft

degrees .. .. .. 60-9 19:3
degrees .. e 18-9 52-3
degrees .. .. .. 42-0 33-0
degrees . e .. —3899 35-6
in. 4-372 4-302
in. 0-90 1-10
32 . 32
0-953 0-768
degrees .. .. .. 00 0-0
degrees .. .. .. 36-2 23-2
in. 17 5/16 Between low and high-pressure
flanges. o
in. 159/16 At entry flange. :
1b. 177 Completely assembled, as in Fig. 4.
1n. 1-20 '
Ib. 71/4 With blades assembled.
in. 13/8x3x11/16 Hoffman Type N.3275,
oz. 15 -+ 10 balls — deep-groove track
tempered for operation at 200
deg. C.

Firth-Vickers < Crown Max " stainless steel.
Firth-Vickers “ Crown Max " stainless steel.
R.R. 50 alloy (D.T.D. 133).

K.E. 965 (D.T.D. 49).

High tensile steel (S.11).

High tensile steel (S.11).

Case hardening steel (S.14).

APPENDIX 1II

Compressor Design Considerations

The desired performance is first settled and some preliminary calculations made to determine
the approximate dimensions of the unit.
and speed at which the air flows through the compressor. The conditions in two adjacent stages
rotating in opposite directions are indicated in Fig. 8, together with the nomenclature adopted

in the following analysis.

After this the design hinges largely upon the angles

* All figures refer to compressor roots and turbine tips.
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Equations connecting ‘the flow are derlved from the triangles of velocities, assuming that the
corresponding air angles and the axial velocities are the same in each stage.

Ca = W, cos o, .. .. .. . .. e .. .. (1) -
U = Ca (tan o, — tan §) ‘
= Ca (tan a, 4 tan f)

:E%%(tamlqrtamz)..*.. e

The blading is designed upon the free vortex-flow principle. The basis of this is that the air
flowing between stages shall move in a free vortex, thus avoiding radial-flow components. To
produce the free vortex the directions of air flow at different radii are given by

tanocltz%[(gf—{—?)tanoc”—{— ;-t—;l tano:w].. . .. .. o (3)

T [ r t

tanocﬂ—%«[:/l—; tanocl,.—}—(t—{—— tanocz,.] e .. .. .. (4)
P £

where 7 is the radius to a point on the blades and suffixes ¢ and 7 refer to blade tip and root con-
ditions respectively.

Finally the pressure rise in a stage is given by

8p = mp?gﬂ v |:’Ean ¢y, — tan oczr:]
2 2
_ W, o cos’ s [tanz o, — tan? o(j| B
(=}

where 7, is the stage efficiency and p the density. The conditions at the roots are used as a
convenient datum.

- An examination of equation (5) shows that the maximum pressure rise is obtained with the
maximum permissible values of W, and o, and the minimum value of «,,. It is assumed that
Ca is constant at all radii and so. W, cos &, = Wy, cos «y;, but from equation (3) cos «,, is always
greater than cos «;;. Thus it follows that Wy, is greater than W,,. A maximum limit to W, is
set by acoustic considerations and is most likely to be reached in the low pressure stage. The
Mach number should not exceed 0-75 and under N.T.P. conditions this limits the relative air
velocity to approximately 800 ft/sec, but the actual designed limit may be set by limitation to
the axial or peripheral velocities which are dependent and are found from equations (1) and (2).
The latter is limited by the safe working stress of the material used for the blades and the former
by the blade height. A low axial velocity requires a large blade for a given flow and consequently
a large compressor diameter. An increase in velocity results in a corresponding reduction in the
blade and compressor dimensions but leaves the blade-tip clearance necessary to ensure mechanical

safety almost unaltered.

Thus the ratio tip clearance to blade height will increase and a figure may be reached where
serious tip leakage occurs with a resultant falling off in efficiency. Thls applies particularly to
the high-pressure end of the unit.

The values of «;, and «,, are bound up with the pitch/chord ratio, camber and stagger of the
blades, and the final selection of their values must be made by reference to wind-tunnel experi-
mental results. An examination of their effects upon the pressure rise and the limiting velocity
features can, however, be made by examination of equations (1), (2), (4). With constant W,
and s, increasing o, will increase 6p and U, and decrease Ca. Apart from the possibility of’
reaching the maximum peripheral speed, a high value of «,, results in a considerable reduction
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of the passdg,e area between the leading edges of the blades due to their thickness and tends to
produce local velocities exceeding the acoustic velocity. -The highest reasonable value of o« to
avoid this can be set at approximately 60 deg. '

With constant W, and o,,, decreasing o,, will increase 6p, and decrease U,. Ca will be slightly
increased, but the value of #/#, has only a small effect upon &y, and so upon the velocities and
, pressure rise.  The lower limit of a,, is set by the maximum .deflection o, — s, which is possible

without breakaway or stalling of the air flow. This deflection is of the order of 30 deg., but for
any particular case is determined from experimental results. Another factor which assists in
fixing the limit is provided by the blade pitch/chord ratio, s/c. The deflection can be increased
as sfc is reduced, but the minimum value of s/c depends upon how closely the turbine blades,
which are mounted nearer the hub, can be spaced. It is probable that the compressor blade
root s/c will not be much less than 1-0. ‘

Referring now to the data available from cascade tests * * and bearing in mind the foregoing
limitations, the maximum deflection and the air incidence and deviation can be fixed, and hence
the blade angles set. Once the first stage has been fixed it is possible to deduce the pressure and

density after the stage for an assumed stage efficiency, and so proceed to the second and following
stages in turn. '

The blading is easier to manufacture if the shrouds are maintained at a fixed radius and the.
angles kept constant in’all stages. Under these conditions the limiting conditions of velocity
or stress will occur in the first stage and the values of U, and Ca will be constant throughout the
compressor. Ca can be maintained constant in all stages by simply cropping the blades to the
requisite height and adjusting the casing diameter accordingly. It is more convenient, however,

to give the casing a uniform taper from entry to delivery, and this results in slight departures
from the constant axial flow. :

APPENDIX III
Impulse Rate Indicator

1. General.—The indicator was primarily designed to measure the speed of a bladed rotor,
the chief requirement being that no mechanical connection be made to the rotor. It operates on
the variable capacity method, a suitable insulated electrode being mounted within 0-025 in of
the blading in such a manner as to produce a small capacity change of the order of 1 micro-
microfarad or less. It comprises the necessary high-frequency oscillator circuit, detector, signal
amplifier and frequency-indicating circuit. A reflecting galvanometer is incorporated with an
illuminated scale, its reading, on an appropriate range, being proportional to the frequency.
There are three ranges covering frequencies from 50 to, 6,000 cycles per second. Calibration is
carried out by injecting a sinusoidal signal of known frequency from an oscillator.

2. Cirewit.—A circuit diagram is given in Fig. 22. The operation of the instrument may be
divided into two parts — :

1. The conversion of the capacity change produced each time a rotor blade passes the
insulated electrode into a voltage signal of suitable magnitude.

2. A frequency-measuring circuit for indicating the number of voltage signals received per
second.

2.1. Conversion Circuit—Referring to Fig. 22, the first valve V1 is arranged to oscillate at a
constant frequency of about 1 megacycle/sec. The output from this valve, the carrier wave, is
applied to the grid of a separator valve, in the anode circuit of which is the primary of a high-
frequency transformer. The purpose of this separator valve is two-fold. First, it prevents any .
change in capacity across the transformer secondary from varying the carrier wave frequency,
and, secondly, it avoids the necessity of having a carrier wave of steady amplitude, as it is

overloaded and any further change in the amplitude of the grid swing will not affect the output
amplitude. :
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The insulated pick-up electrode is connected, through a 0-005 microfarad condenser, to the
grid of the detector V3. The capacity change produced when a rotor blade passes this electrode
thus takes place across the secondary of the high-frequency transformer which is also shunted
by coarse and fine tuning condensers. These form an acceptor circuit which may be tuned to the
carrier-wave frequency by variation of the condensers. The operating point is chosen on the
linear portion of the resonance curve of this tuned circuit. This is indicated by a predetermined
reading on the galvanometer which is connected across a 2-ohm resistance in the cathode circuit
of the detector when the range switch is in position < 0°.

The carrier wave picked up by the acceptor circuit is modulated by the capacity change
product each time a blade passes the insulated electrode. This modulated wave is detected
by V3, the output of which then consists of voltage signals, the interval between two successive
signals being equal to that between the passing of the insulated electrode by the two rotor blades
producing these signals. These signals are amplified by the pentode V4 and then applied to the
frequency indicating circuit. '

2.2 Frequency Indicating Circuit—The frequency indicating circuit consists of two gas
triodes, V5 and V8. V5 acts as a square-wave generator, the output across its anode load being
of the same frequency as the input pulses but of a square-wave form. This output is passed

.through a high-pass filter consisting of a 15 micro-microfarads condenser and a 100,000-ohm
resistance. The filtered signal consists of a number of sharp peaks alternatively positive and
negative, the frequency of either the positive or negative peaks being equal to that of the input
pulses. ’

These sharply peaked pulses are applied to the grid of a second gas triode V.6, which is biased
just beyond its striking point. Thus, as each positive pulse is applied to the grid, V.6 strikes and
a condenser discharges through the valve, a 500-ohm anode resistance and a 10-ohm resistance
in the cathode circuit. The discharge continues until the plate voltage can no longer maintain it,
when it ceases and the condenser charges up once more through the 200,000-ohm resistance.
This sequence takes place for each positive pulse applied to the grid of V.6, so that the mean
discharge current is proportional to the frequency of these pulses if the condenser has sufficient
time to charge to the full high-tension voltage after each discharge. Suitable condensers have
been chosen for the various frequency ranges required. The mean discharge current is indicated
on the galvanometer. '

3. Calibration.—The instrument is calibrated by injecting on to the grid of V.5 a sinusoidal
voltage signal of known frequency. For this purpose the gain potentiometer is connected
through a switch marked ‘ USE-CAL.’, to a terminal marked ‘ CAL.” on the front panel of the
instrument. In its present form the range of the indicator is from 50 to 6,000 c.p.s. The upper
limit may be increased by choice of a suitable discharging condenser.




APPENDIX IV
A1y Leakage |

Evidence that air was leaking from the compressor to the turbine and estimates of the quantity
have been based upon a study of the following :—

1. Turbine-blade temperature.
2. Gas-entry temperature and fuel supplied.

+ 3. Gas-exhaust temperature and turbine temperature drop.
4. Pressure loss in combustion system. ‘

1. Turbine Blade Temperature—Consider the curves in Fig. 18. It may be assumed that the
gas temperature is slightly higher than the temperatures shown, and it is known that the
. temperature before the turbine is reasonably uniform, so that the rapid fall away in temperature
towards the shrouds and the excessive drop can only be explained by air leakage. Leakage may
occur either between stages or at the compressor delivery annulus where the inner wall of the
volute slides inside the end-casing expansion sleeve. The latter would permit air to flow parallel
with the gas stream and it would be expected that near the shrouds this would produce a big
drop in temperature, but would not have much effect further down the blades. ~This appears
to be the condition before the ninth stage. If all the leakage was from this source the cool air
would diffuse in the following stages, lowering the gas temperature towards the blade roots -and
increasing it nearer the shrouds. In fact, it continues to fall right across the section, and this
suggests that any tendency to evening up is counteracted by air leaking across the shrouds. This
air will enter the gas stream at right angles to the flow and its influence will be felt nearer to the
blade roots. ‘

Using the curves of Fig. 19, a calculation of the air leakage before the ninth stage and between
each pair of rotors has been made by equating the temperature rise of the leakage air with the
temperature drop of the gas. The total estimated leakage was 52 per cent, madeup of 10 per cent
before the ninth stage and 42 per cent between the rotors. This may not be the true ratio, but
it seems reasonable to assume that 4t least 30 per cent of the compressor air is leaking into the
turbine between stages.

2. Gas Entry Temperature—The gas temperature at entry to the turbine is dependent upon
the fuel supplied to the combustion chamber, upon the air flow through it, the efficiency of the
combustion system and the initial air temperature. From the measured temperature rise the
theoretical air/fuel ratio is obtained and from the measured fuel flow the actual air flow is.
obtained. '

T, = 405 deg C. T, = 71 deg C.
Temperature rise in combustion system = T3 — T,=334degC.
Assume heat loss, etc. ' = 15 per cent
Then theoretical temperature rise :‘03—?8% = 393 deg C.
Air/fuel ratio to produce this rise _ = 101:1
Measured fuel supply » = 35-51b/hr.
Therefore air flow through combustion chamber = %0355 Ib/min.
— 598 1b/min.
Air entering compressor = 107-5 Ib/min.
47-7

Theref =_= 7 — . '

erefore leakage 075 44-4 per cent



\

" 3. Gas Exhaust Temperature—The temperature drop due to the turbine pressure ratio depends
upon the initial gas temperature and the efficiency. If it is assumed that the remainder of the
drop to the exhaust temperature is due to cooling from air leakage it is possible to equate the
heat lost by the gas with the heat gained by the air, and so ca.lculate the degree of leakage.

Assume turbine efficiency = 085
Turbine pressure ratio = 1-217:1
Therefore turbine temperature drop = 0-85 X 678 X [1 — (12—117)0-28—0]
‘ = 30-6 deg. C.
Mean exhaust temperature (from Fig. 7) = 195 ‘deg. C.
Mean compressor air temperature = 50 deg. C.
Let air leakage o = Q 1b/min.
Then gas entering turbine = (107-5 — @) Ib/min.
Assume constant specific heat over full range of temperatures and etiuate —
(107-5 — Q) x (405 —30-6 — 195) = Q (195 — 50)
, Q = 59-51b/min.
1.e., leakage = 595 ‘ = 55-3 per cent.
107-5

4. Combustion System Loss.—Tests of combustion chambers have shown that the loss in
pressure they create can be expressed as a percentage of the velocity head of the air at entry to
the chamber. Thus, if the mass flow and density of the air are known, it is possible to calculate
the actual pressure drop or conversely, knowing the pressure drop to calculate the mass flow.
The drop between the compressor delivery and turbine entry is known and by allowing an
additional percentage of the velocity head for the losses in the pipes and bends, the actual flow
through the chamber can be estimated. From this the leakage is at once apparent

Pressure drop in combust1on system = 400 per cent of velocity head in 4-mn. diameter
entry p1pe :
te, b = 4 X 3p0°
w2 x T

o 2 L —5
= —p. X 4-37 x 10

Therefore W = 1515 J Py X h) where W air flow Ib/min.

= . 1515 A\/ 36 8 X 1- 04 P, compressor delivery pressure, in. -Hg abs.

- 344
= 50-6 lb/min. T, compressor delivery temperature deg. C.
abs.
Leakage = %—59_ = 53 per cent. % pressure drop, in. Hg.

The calculations are straightforward and require little explanation, but cannot be regarded as
extremely accurate because of the simplifying assumptions made. Nevertheless they do check
reasonably well between themselves. The leakage is approximately 50 per cent. of the initial
mass flow, and this appears to hold good over the whole range of mass flows.
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The absolute leakage across the shrouds is a function of the air denelty, leakage area through
the shrouds and pressure drop across them. This can be written in the form

Q =K . Ao/+/(8P)
where (Q leakage mass flow across the shrouds.
A leakage area.
o relative density of air in compressor.
6 pressure drop.
K constant.
From test results, Q = 45 Ib/min. with average values in all stages of ¢ = 1-2and ép = 6-0in.

Hg. Under the de31gned conditions average o = 0-64, and ép = 0-63 in. Hg, and hence
Q = 8 1b./min. or 4 per cent. of designed intake conditions.

APPENDIX V

Axial Clearance Between H 1oh- -pressure Rotor and End Casing

The clearance between the rotor and the end casing is dependent upon the movement of the
adjacent metal surfaces brought about by thermal expansion. An examination of Fig. 4 will show
that if the entry flange on the low pressure end casing is regarded as a datum, the movement is
made up as follows :— -

1. Face of high-pressure rotor.
Expansion of inner part of the entry casing
plus expansion of all distance pieces and inner races from the
entry casing to the centre of the H.P. bearing
plus half expansion of H.P. rotor

2. Face of end casing.
Expansion of outer part of the entry casmg
plus expansion of compressor casing
plus expansion of outer part of H.P. end casing from compressor
casing to centre of locating pegs
minus expansion of inner part of H.P. end casing from centre
of locating pegs to inner end face. '

The expansion depends upon the length of each part, its temperature and coefficient of
expansion. These are given in Table IV below for the two cases when the clearance was found
inadequate. It will be noted that the movement of the rotor face is increased because ot the
much higher temperature of the inner part of the entry casing over that of the outer part and the
movement of the H.P. end casing face is greatly reduced for the same reason.

TABLE 1V |
Estimated mean temp.
*Coefficient Length rise deg C. approx.
Component Material of expansion i
’ x 108 in/deg C./in. Gas temp. | Gas temp.
7 280 deg C. | 520 deg C.
Compressor casing o R.R.50 22-0 10-25 - 18 60
L.P. end casing (outer part) .. .. | Austenitic 15-0 4-22 o 40
Steel .
L.P. end casing (inner part) .. .. do. 16-5 4-22 100 300
H.P. end casing (outer) .. .. .. do. 15-0 1-61 35 920
H.P. end casing (inner) .. .. .. do. 17-0 1-61 265 505
Distance pieces and inner races .. | H.T. steel 12-5 10-076 100 180
H.P. rotor Lo .. . .. do. 12-5 1-205 265 505
* Over range of temperatures involved. . H.P.—High Pressure. L.P.—Low pressure.
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From these figures it is easily deduced that at 280 deg C. the axial clearance is reduced by
0-026 in. and at 520 deg C. by 0-043 in. At the former temperature the cold clearance was
0-025 in. and at the latter 0-044 in. It will be seen that at 280 deg C. rubbing would occur
over the whole face of the rotor, but at 520 deg C. there should be a slight clearance, but due to
the higher expansion coefficient of the blades over the rotor hub, they would project nearly
0-0015 in. beyond the hub, and so take up the clearance. This deduction is borne out by the
signs of rubbing which were confined to the blade roots at 520 deg C., but extended over a large

area at 280 deg C.
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3 Bristol Aeroplane Co., Ltd. .. ..~ The Measurement of Piston Temperatures by Temperature-Sensitive

_ Paints. Bristol Report No. T.A. 4957, Feb., 1941. A.R.C. 4976.
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TABLE 1
Compressor Chavacteristics
R.A.E. Contra-flow Turbo-compressor

{
(
(

2) Measured before turbine entry. .
3) Based on entry temp. T3 and temp, drop (Ty—T,) and flow ratio W /W,

Reading number 1 2 3 4 5 6 ‘ 7 I 8 I 9 10 11 ’ 12 13 ‘ 1"1 ’ 15 ’ 16 ’ 17 ' 18 ’ 19 ] 20 | 21 ’ 22 | 23
Comp. entry T, °C. 18-0| 17-5| 17-5| 18-0j 17-5| 17-5 17-5| 17-5{ 17-5| 17-5{ 22-5| 22-5| 22-5| 22-5| 22-5/ 23-5| 23-0| 23-0| 23-5| 23.5| 23.5| 23-5| 23-5
Coli?lgl.p(.ielivery T, °C. 58-0f §9-0| 62-5/ 65-0 67:0 69-0| 72-0| 75-0| 76-0] 79-0] 64-0| 65-0| 67-0{ 68-0| 69-0| 74-0/ 78-0| 83-0| 91-0 -94-0’97'"0 95-0| 82-0
Tl.;tregl.lgiltry T, °C. 216-5/220-5|217-5(229-0/230-0(228-0(228-0(227-0227-0| ~ 227-0|227-0|227 - 0[229 - 0[226- 0221 - 0225 - 0221 - 0[226- 0226 -0 — - 231-0
Tutrel?.llé;:haust - Ty °C. 112 ) 111 | 116 | 116 | 117 | 115 | 115 | 115 | 114 | — | 104 | 105 | 106 | 106 | 105 | 105 | 105 | 105 | 109 110- - - | 113
Cotflgl.péntry ) P, in Hg. abs. l 23-70(23-20;22-75(22-40(21-95/21-65 21’~20 20-85(20-60]23-65/25- 16|24+ 46|23 -86123-01|22-21|21-56(|20-71{19-81(18-81|18- 56|18 45(22- 66|20-36
Co%f)?saéff‘?;c;;). P, in Hg. abs. [29-50|20:47(29-45(29-38|29-35/29-30,29-25(29-23/29-20(29- 00|29 46|29 39,29-36(29-21[29- 14{29- 08|29 01|28-96/29- 01|29 06|29 - 06]29 01 29-61‘
Tug{ae.szﬁg?tm). Pyin Hg. abs. |26-20(26-1526-15|26-20{26-15{26-15/26-15(26-15{26-15| — '|26- 24|26 26(26- 26|26 31/26- 21|26 21|26 21|26 - 16|26 21(26 - 21| — - 2é-26
TuI;%e.SZ&gE:?' P,in Hg. abs. [14-85|14-8514-85|14-85{14-85|14-85|14-85/14-85(14-85| — [11-01|11-01{11-01/10-96|10-96(10-98{10-91|10-91|10-91/10-91| - - |10-91
*(lp)reCSosm(;taxdfggs W, Ib/min 128-0(120-6{117-0|111-0|103-8| 98-5| 91-2 84-3’ 80-5| 64-6/184-0(174-8|168-4|157-2(146-3 137-7|127-6|114-8|101-0| 96-8| 93-8| 75-7|123-5
_-*(E%O'}V{er. mass W, Ib/min 74-9| 74-9| 74:9| 75-2| 74-9| 74-9| 74-9| 75-8| 75-8] - | 80-1f 80-1| 80-1| 80-1] 80-1| 80-1| 80-5| 79-8| 79-9| 81-7| - - {80-0
Sp%gg.Sth stage Ngr.p.m. 6020| 8020] 6020; 6020| 5960} 5960 6020| 6020/ 6020{ - | 6530] 6530 6430| 6530 '6;130 6300 6430 6300| 6530 6530 - | 5960 6530
Speed 6th stage N; r.p.m. 5000| 4900; 49001 5000 5130{ 5130 5250| 5340| 5470| ~ | 5130| 5260| 5350( 5470] 5700] 5700| 5820| 5950 6430| 6530 — | 6400| 6180
Speed Ist stage N, r.p.m. 4430| 4550] 4550] 4550( 4670 4900 5130| 5130| 5340 ~ | 4900 5030| 5130| 5350 5600 5600] 5700 5820| 6300| 6530| — | 6400|. 6100
Mean speed (N, N, Nyg) rpm 5150| 5160| 5160| 5190| 5250; 5330| 5470| 5500| 5610 - 5520 5610( 5640| 5780| 5910| 5870| 5980| 6020| 6420| 6530 — | 6250| 6270
Corrected comp. (N.T.P) - 161-2/155-0(153-8|148-0(141-6/136-1{128-3|120-8|116-8] 81-8/221-0|215-5|213-0(206-0[199-0(193-2186-5[175-3|162-7{158-0{154-0[101-1|183-3
Corrrrllaﬁ_s.spiiggz:‘ P,/P, 1'2451-2701-2941-3121-3381'3531-3801-4021-4181-2271-1441-2611-230.1-2701-3121-3491~401 1'4631'5421‘5661-5751-2801~424
@ﬁ?éﬁ?v%% in Hg. 1-64| 1-48| 1-41| 1-28| 1-13| 1-02| 0-88| 0-76 0-70 0-46| 3-50| 3-07| 2.95 2-60| 2-27| 2-04| 1-78| 1-47| 1-16] 1-07| 1-02| 0-86| 1-70
Coﬁ;.%ﬁ;&é. 1-315|1-335|1-355(1-37011-390(1-400|1-422|1-438|1-452|1-245|1-312(1-328(1-355[1-383|1-414|1-445!1-488|1-538(1-603|1-624|1-630{1-310|1-510
Corr?lg?'e(fgl(fizgéy 7,% 46-6| 49-0| 49-1| 49-5| 50-5| 50-9| 51-2| 51-2f 52.2/728-4| 32-8| 37-6| 40-5| 45-4f 50-8| 52-3| 54-4 §6~8 58-0| §7-5| 56-2| 30-2 53'8’
Co(ric_gjcgizﬁciency % 59-0| 60-2| 56-2| 58-3| 57-5| 57-2| 56-5| 55-2| 56-2| 30-3| 57-1| 58-5| 60-6| 63-1| 66-1| 65-4| 64-6 64‘-6 63-3| 62-7| 60-5| 33-2| 63-4
Tu(r%fc;?éss. ' Pyl P, 1-764{1-760|1-760/1-764(1-760[1-760[1-760|1-760/1-760| — 2-383|2-385/2-385|2-401|2-391|2-391|2-403|2-397|2-403(2-403 ~ - |2-407
*(gf%i}b. efi-  7,.% 95-0| 92-5] 98-0| 94-0] 93-0| 92-2| 91-0| 87-5| 84-8| -~ | 88-5| 84-8| 86-6] 82-2| 79-0| 81-4| 80-4| 80-8| 78-7| 77-0| - - | 82-4
Efgceiggl%:}pro— n, 7, 0-443|0-454(0-480|0-465|0-470)0-468|0-465(0-448|0-443| — |0-291|0-323(|0-351|0-373|0-402|0-426|0-437|0- 45810+ 456(0-443| - - 10-444
uct, .
*Notes —(1) Measured after compressor delivery.
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TABLE 2
Turbo-compressor Characteristics
R.A.E. Contra-flow Turbo-compressor

Reading number 1 2 3 4 5 6 7 8 9 10 11 12 I 13 \ 14 ‘ 15 16 ‘ 17 ‘ 18 } 19 \ 20 21 \ 22 23 24 25 26

Comp. entry T, °C. 39.0| 42:0] 45-0| 43-0| 49-5| 44-5| 43-0| 48-0| 46-0) 49-5| 52-0 530 53-5| 62-0| 68-0| 63-5| 71 | 70-5, 61-5| 71-0| 64:5| 69-0| 70-5| 70-8 68-0 700
temp.

Comp. delivery T, °C. | 44-0| 49-0| 52-5| 55-0| 64-0| 62-0| 62-0| 73-0| 64-0] 71-0| 78-0| 85-0| 87-5| 88-0; 96-5 94-5106-5|112-5(107-5121-0{118-5(111 - 5{128-5/|136-0|131-5|149-5
temp. : !

Turb. entry T, °C. 267 | 369 | 440 | 207 | 262 | 320 | 360 | 449 | 208 | 250 | 319 | 371 | 417 | 208 | 230 | 249 | 312 | 372 | 410 470 | 486 | 218 | 308 | 372 | 575 | 538
temp. . . .

Turb. exhaust T, °C. 179 | 247 | 302 | 152 | 193 | 220 | 248 | 300 | 148 | 178 | 218 | 245 | 269 | 151 | 164 | 175 | 215 | 248 | 250 289 | 302 | 146 | 206 | 240 | 270 | 246
temp.

Comp. entry P, in Hg. abs. 30-56|30-49(30-51|31-20|31-10|30-95|30-85[31-11|32-65|32- 50|32 20|32- 05|31 - 90 35034 -65(34-50{34- 40134 - 15|33 83|33 - 48{32- 56|39 - 45|38 -40(37 - 65|39 - 48|34 - 43
press (static).

Comp. delivery P, in Hg. abs. 31-06(31-16|31-2932-90(33-20|33-65|33-9535-96|36-10|36-70(37 - 50138 - 05|38 - 65 40+7|41-00]41-60|42-85(43-90|44 - 48|45 - 78|45 73|53+ 00|57 - 05(59- 40|53 - 83|57 - 58
press. (static).

Turb. entry P, in Hg. abs. 30-89(30-97(31.08{32-10(32-35|32- 80|33 10|35 - 06|34 - 70|35 - 25(36 - 05|36 - 55|37 - 10 38.3(38-60|39-25/40-40[41 - 4542 03|43 - 13|43 7649 80|53 - 50|55 - 80|51+ 13|54 - 58
press. (pitot).

Turb. exhaust P,in Hg. abs.” |30-1130-11|30- 11|29-45|29-45(29-45/29-45/30-11 09-4529- 4529 - 45/29 - 45(29 - 4529 - 80/29 - 45|29 - 45|29 80|29 - 8029 - 63|29 - 63|30 - 11|30+ 20|30 - 20{30- 20|29 - 78|29 - 78
press. (static).

*#(1) Air mass W 1b/min 37-6| 36-9| 36-8| 78-3| 78-2] 79-3| 80-0| 86-4|113-1|114-1|114-2|114-1|{114:9(150-9|150-1|149-3 153-1|152-1|154-7|155-0|147+7\213-7|215-5|219 - 3|212-3)208 -3
flow. ' .

Fuel mass flow  w Ib/hr. 12-4| 14-8| 17-8| 12-2| 18-8| 23-5| 28-5[41.90| 17-0| 21-4| 29-8| 34-5| 39-3| 19-5| 21-3| 25-4| 33-6| 41-1| 48-5| 51-3} 62-0 27-4| 50-0f 62-8) - -

Speed 8th stage Ny r.p.m. 18800 2025/ 2010 3280 3470| 3700| 4030| 4690| 4400| 4780| 5060| 5390| 5625 5625| 5390| 5660| 5625 6560| 6370| 6940\ 7125} 7320 7880| 8350| 8250(10000

*(2) Speed 5th Ny r.p.m. #1295|%1365]%1460| 2440| 2765 2905| 3090(+3650| 3370| 3610| 4170| 4400| 4680] 4240i 4450| 4780| 4870| 5250 5250} .5810|*5800/%6180 *GB20(*7250| 7750, 8760
stage.

Speed 1st stage N, r.p.m. 1125 1265 1380 2080 2345| 2530| 2670| 3380| 2940| 3190| 3610| 3840| 4210| 3750 4030| 4310| 4680| 4870| 4960| 5625| 5810| 6180 6940| 7680| 7830| 9120

Mean speed (NN, Ng) r.p.m. | 1410 1550| 1610 2590 2860| 3040/ 3260 3910 3570| 3860| 4300| 4540 4840| 4540| 4620| 4920| 5060| 5560| 5530| 6125) 6240} 6560| 7150| 7760 7940 9280

Comp. press. ratio P,/P; 1-0186{1-022|1-026{1-054|1-068]1-086|1-100(1-155 1-106|1-12901 - 1641~ 188]1-212{1- 162/1 - 183|1 - 206|1 - 246|1 - 285|1-315|1 - 368}1 -405{1 - 344|1-486|1 - 578|1 - 362/1-672

Turb. press. ratio P,/P, 1-026|1-029|1-032|1-090|1-098|1-114|1- 124}1-165}1-179(1-197|1-225[1-248|1-260|1-285|1-311|1-333]1-356/1-301|1-419|1-455/1-453 1-649(1-772|1-848(1-718)1-832

Comp adia. effi- 7,% 31.9| 31-4| 29-6| 39-5| 41-0| 42-6| 46-6| 54.0| 51-4| 52-5| 52-5| 51-8| 53-7| 55-0| 58-5| 58-8| 61-8| 60-5| 59-0j 64-0) 64-8| 69-8 73-0y 73-3| 49-0| 68-5
ciency. :

#(8) Turb. adia. v, % 133-01136-5(117-0(106-5/103+0[101-0| 93-8| 83-8| 83-4| 83.0| 8¢-2| 83-7| 78-4| 79-3| 78-5| 76-5| 74-0| 73-5) 72-1} 67-2 67-5| 66-3| 65-3] 64-2| 53-2| 62-8
efficiency.

Efficiency pro- g, 0-415|0-428|0-347/0- 42110+ 423]0- 430[0- 43710 - 452(0 - 428(0 - 432]0 - 422|0 - 434/0 - 422|0 - 434|0 - 458|0 - 447|0 - 457|0 - 445/0 - 425/0- 431 0-432|0-462|0-477(0-470|0-261|0-430
duct. N

*Notes —(1) Measured before compressor entry.
(2) Speeds marked with asterisk (*) were estimated.
(3) Based on entry temp. T and temp. drop (Te-T).




TABLE 3

Lubrication Tests

' Metering Orifice | oil

. _ . . . Flow
Width Depth Area Pressure | Temperature| Viscosity
Shape in. in. sq. in. X 10| Ib/sq. in. deg C. Centi-poise PTS/EIe 125 ing
j 14-5 10 94-4 0-05
9:0 62 37-5 1-41
Rectangular .. 0-050 0-003 150 9.0 74 23.0 2.69
5-0 55 52:0 0-70
0-0015 0-0015 2-25 9-0 46 82-0 0-005
\Y; 0-003 0-003 9-0 9-0 60 41-0 0-05
0-005 0-005 25-0 9-0 60 - 41-0 0-35
0-010 0-010 100 9-0 60 41-0 1-50

Oil used :—50 per cent. D.T.D. 109
50 per cent. D.T.D. 44 B
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