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SUMMARY

An experimental investigation was conducted to determine the effect
on engine performance of bleeding air from the discharge of a lZ-stage
axial-flow compressor to cool the turbine rotor blades of a turbojet en-
gine. A current production model of the engine was modified for this
investigation by the substitution of a split-disk turbine rotor with
air-cooled corrugated-insert rotor blades for the standard rotor and by
the addition of a compressor-discharge-bleed cooling-air supply system.
The rotor blades were untwisted with an essentially constant chord and
were fabricated from noncritical metals; the shell was made of Timken
17-22A(S) alloy steel and the base of SAE 4130. Both materials are about
96-percent iron.

The engine was operated over a range of corrected engine speeds from
5000 to 7930 rpm and a range of coolant-flow ratios from zero to 0.05
with an open jet nozzle. At a constant engine speed of 7000 rpm (approx-
imate cruising speed, 88 percent of rated), a range of jet nozzle areas
was investigated. Each increase of 1 percent in the coolant-flow ratio
at constant-speed, fixed-jet-nozzle operation caused increases of about
2 percent in turbine-inlet temperature ratio with accompanying increases
in specific thrust and thrust specific fuel consumption of about 2 per-
cent and 1 percent, respectively. Comparison of the experimental results
of this investigation with analytical results of a previous matching
study on a similar engine showed agreement in the trend of changes in
the engine performance parameters with cooling.

Operation at a constant speed of 7000 rpm over a range of Jet
nozzle areas indicated that, at a given turbine-inlet temperature ratio,
increasing the coolant-flow ratio would cause a decrease in specific
thrust and an increase in thrust specific fuel consumption. Analytical
calculations showed that these losses due to cooling would decrease as
turbine-inlet temperature and turbine efficiency increased.



2 NACA RM E54L28a

Low turbine efficiencies over the entire speed range resulted in
high turbine-inlet temperatures, poor starting, and low-speed acceler-
ating characteristics; however, response to the controls from about
4500 to rated rpm was fair. Average blade temperatures measured dur-
ing the investigation indicated that the noncritical corrugated-insert
blade could be operated at 7000 rpm with a coolant flow ratio of
0.01 and turbine-inlet temperature of 1868° R and have a safety factor
of 2.3.

INTRODUCTION

One of the factors affecting the desirability of utilizing turbine
cooling in turbojet engines to permit operation at higher turbine-inlet
temperatures or to permit operation with noncritical turbine materials
is the effect on the engine performance of bleeding cooling air from
the compressor. Analytical studies concerning these effects have been
conducted by other investigators (refs. 1 to 3). It was shown that very
large gains in performance are obtainable by permitting operation at in-
creased turbine-inlet temperatures and that the incremental change in
performance due to cooling losses at these increased temperatures was
generally of small magnitude. In reference 4 a matching study of two
modified-production engines was made which indicated that, if cooling
were added to existing engines at current temperature levels, the ef-
fects on engine performance resulting from air cooling can be somewhat
larger than at higher operating temperatures. In order to provide an
experimental verification for the analytical procedures and to gain
further information on the effects of air cooling the turbine (by using
compressor bleed) on turbojet-engine performance, experimental tests
were conducted over a range of static sea-level engine conditions on a
modified-production-model turbojet engine operating at current turbine-
inlet temperature levels.

At the time that fabrication of parts for the test engine was be-
gun, there was wide interest in the conservation of critical materials
in the turbine; consequently, the emphasis in the engine modification
was to eliminate critical materials and not necessarily to increase
permissible turbine-inlet temperatures. For this reason the air-cooled
turbine rotor blades were fabricated of noncritical materials (shell,
Timken 17-22A(S); base and inserts, SAE 4130). The rotor blades were
untwisted, had a constant chord, and had a coolant-passage configuration
that utilized corrugated fins to augment the internal heat-transfer sur-
face area. The air-cooled rotor was of the split-disk type.

With the engine modified by substituting the preceding mentioned
parts for production parts, it was possible to obtain engine performance
data at approximately current turbine-inlet temperature levels for a
range of engine conditions with cooling air bled from the compressor
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discharge and, in addition, to gain experience in the operation of an
air-cooled turbine with noncritical rotor blades. Although these data
are not directly appliicable to air-cooled engines operating at high
turbine-inlet temperatures, they do provide an approximate check on
analytical procedures to determine if present calculation methods for
predicting air-cooled engine performance are adequate.

This report is concerned with the following:

(1) The magnitude of the variation in engine performance parameters
at sea-level static conditions as variocus amounts of air were
bled from the compressor discharge for cooling purposes

(2) Comparison of analytically predicted performance changes with
experimentally measured values

(3) some operational aspects of an engine under conditions of com-
pressor bleed for turbine cooling.

The engine was operated with a fixed Jjet nozzle area over a range
of coolant-flow ratios at corrected speeds from 5000 to rated (7930)
rpm. Engine performance at 7000 rpm with several exhaust-nozzle areas
was investigated. :

APPARATUS

A modified 12-stage axial-flow compressor engine was used in this
investigation for the determination of the performance characteristics
of a turbojet engine with an air-cooled turbine. The original turbine
rotor was replaced by a split-disk air-cooled turbine rotor with blades
of noncritical material. The air for rotor-disk and -blade cooling was
bled from the compressor discharge. A schematic diagram of the engine
showing the cooling-air flow paths and the instrumentation stations is
presented in figure 1.

Engine Modifications

Turbine rotor. - A study of various air-cooled turbine disk con-
figurations is made in reference 5. The type of disk that appeared to
be most practical for use in an engine not previously designed for tur-
bine cooling was a split-disk arrangement with a downstream cooling-air
supply; consequeutly, this design was incorporated in this engine. Fig-
ure 2 shows external and internal views of the rotor. The details of
the mechanical design of this air-cooled turbine rotor are presented in
reference 5.
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The disks were machined from standard-production turbine-rotor
forgings for this engine with the upstream or forward disk being inte-
gral with the turbine shaft. Although this air-cooled rotor was origi-
nally designed on the basis of noncritical materials, the composite
production forgings which consisted of SAE 4340 for the hub section and
Timken 16-25-6 for the rim section were used because of availability.

A 4.0-inch-diameter hole was provided in the center of the downstream
or rear half of the rotor for introduction of the cooling air (see fig.
2). In an effort to keep the relative elongation of the two disks to a
minimum, metal was removed from the center of the forward half (see

fig. 3) to simulate the cooling-air supply hole in the rear disk, as is
discussed in reference 6. An integral cooling-air impeller was formed
between the two halves of the rotor by machining matching radial pas-
sages in both halves of the rotor from a radius of 5.75 inches out to
the base of the blades with one passage for each of the 72 blades (see
fig. 2). An inducer section with 36 curved vanes was provided near the
cooling-air inlet at the hub to accelerate the cooling air to the wheel
velocity. These curved vanes were machined from a radius of 3.00 inches
to a radius of 5.25 inches on the downstream half of the rotor only.

The vanes were of gsufficient height to span the axial distance between
the two halves of the rotor between these radii. The open radial space
between the inducer section and the radial passages provided for some
equalization of the flow distribution and simplified machining procedures.
The two halves of the rotor were bolted together with twenty-four 7/16-
inch body-fit bolts with sufficient tension to ensure against leakage of
the cooling air between the two halves of the disk at the rim. The bolts
were buried in the vanes of the cooling-air impeller and thus did not
constrict the flow of cooling air. Metal-to-metal contact between the
two disks was provided only along the outer 3 inches of the disk radius
to minimize machining difficulties.

Turbine stator and rotor blades. - The original aerodynamic design
of this air-cooled turbine was made for application to an earlier model
of the same type of production turbojet engine that was used for this
investigation. This original design and the performance results of a
scale model operated in cold air are presented in reference 7. On the
baslis of an unpublished analysis, this turbine design was adapted to the
present model of the production engine by the expedient of resetting the
stator-blade angle to permit passage of the mass flow of the present
engine, which was about 8 percent greater than that of the previous
model. The aerodynamic profiles of the stator and rotor blades were
maintained the same as those reported in reference 7. This method of
adapting an existing turbine design for application in a similar engine
was not very satisfactory as will be discussed in the section Comparison
of Analytical and Experimental Results.

The stator blades for this design were more twisted than for con-
ventional designs in order to match the nontwisted rotor blades which
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are described subsequently. The stator blades were individually cast of
a heat-resistant alloy, Haynes Stellite 21, by a lost-wax casting proc-
ess and were assembled into production shroud bands to form a welded
nozzle diaphragm. The same number of stator blades (64) were used in
this nozzle diaphragm as were used in the standard engine nozzle
diaphragm.

The turbine rotor (shown in fig. 2) had 72 nontwisted blades of
uniform camber and was designed to replace the solid-blade production
rotor which had 96 blades. The turbine solidity at the pitch diameter
was maintained the same in the air-cooled turbine as in the production
turbine. This resulted in a blade chord of 2.25 inches. The blade span
was 3.75 inches, which is about the same as that of the production engine.
The nontwisted rotor blade was chosen for this turbine because of the
simplicity of providing coolant passages in such a configuration. The
aerodynamic characteristics of nontwisted-rotor-blade turbines are
evaluated analytically in reference 8 and were to be approximately the
same as those of a free-vortex turbine designed for the same service.

The results of an experimental investigation into the use of cor-
rugated fins to augment the heat-transfer surface area (ref. 9) showed -
that this was a promising internal configuration for an air-cooled
blade. This type of configuration was adapted to the present turbine-
rotor-blade profile (see fig. 4) and is analyzed for cooling effective-
ness and pressure-loss characteristics in reference 10 with favorable
results.

From the results of the preliminary investigations and analyses,
the aerodynamic and mechanical designs of the turbine rotor blade were
developed. The cooling-air-passage configuration consisted of corruga-
tions 0.17 inch in pitch and 0.10 inch in amplitude (see fig. 4) placed
around the inside perimeter of the blade shell. The inner portion of
the blade was blocked-off by an insert capped at the blade root. The
blade shell was formed from a tapered wall tube (0.020 in. at the tip
and 0.040 in. at the root) of Timken alloy 17-22A(S). .The insert and
corrugations were fabricated from 0,010-inch SAE 4130 sheet stock and
the insert cap of 0.030-inch SAE 4130 sheet stock. The blade base was
a bulb-root type (see fig. 4) and was precision cast of SAE 4130 to the
approximate contour by a frozen-mercury process. Timken 17-22A(S) and
SAE 4130 are about 96- and 97-percent iron, respectively, and they repre-

sent a large savings of critical materials used in present-day uncooled
turbine rotor blades. :

The blade shell, corrugations, insert, and insert cap were assembled
in the blade base and the entire assembly was simultaneously furnace-
brazed in a dry-hydrogen atmosphere. Copper was utilized in brazing the
insert cap, inmsert, corrugations, and shell together; and Nicrobraz was
used to braze the shell to the base. A Nicrobraz coating was applied to
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the leading and trailing edges of the outer surface of the blade shell
and, subsequent to the brazing operation, a chemically deposited nickel
coating was applied to the entire blade. This protective-coating method
to reduce erosion and corrosion of the noncritical blade material is
discussed in reference 1l. After brazing, the bulb-root configuration
of the blade base was ground to the final contour with a crush-type
grinding wheel. This bulb-root configuration is discussed in detail in
reference 5, where it is referred to as a "single-lug" base. It is
pointed out in this reference that the machining expense and complexity
of this base design were less, but that the stress levels were generally
higher than in other base designs considered for cooled turbine blades.
A bulb-root configuration was chosen for this application because of

the relative simplicity of machining the mounting slots in the rim of
the rotor. In order to alleviate the stress concentration at the Jjunc-
tion between the blade base and the blade shell, a small fillet of
Eutectic 16 was puddled around the ledge formed by the top of the inte-
gral fillet in a manner similar to that discussed in reference 12.

Excessive quantities of Nicrobraz present in the shell-to-base
joint during the furnace-brazing operation caused clogging of a consid-
erable number of coolant passages within the blade base with the result
that the blades were not completely satisfactory for the pressure-loss
and heat-transfer studies which had originally been formulated for this
turbine.

Cooling-air system. - Provisions were made to supply cooling air
to the turbine rotor from either a compressor-discharge bleed-off or
from the laboratory high-pressure air system (see fig. 1). Air was bled

from the compressor discharge by means of four existing Zé-inch-diameter

ports located in the compressor rear frame. The air was routed into a
common line for the purposes of control and measurement and was then
separated into two lines leading to opposite sides of the tail cone.

The supply line for the laboratory air Joined the common compressor
bleed line downstream of the bleed-air control station. Control valves
in the two supply lines permitted separate or combined operation of the
two systems or operation with no cooling air. A standard engine tail
cone was modified to provide for the introduction of the.cooling air
through tubes in the taill-cone struts into a supply tube along the
centerline of the tail cone and thence into the 4-inch-diameter hole in
the rear face of the turbine disk (see fig. 3). The cooling-air-flow
path within the tail cone was essentially the same as that of model C of
reference 13. This tail-cone configuration was shown to be the mosf ef-
fective of those tested from a pressure-loss standpoint. The tail-cone
cooling-air tube is centered inside a labyrinth seal on the rear face

of the turbine rotor by means of an integral 4-vane "spider" which is
piloted through two sealed bearings mounted on a spindle shaft extending
from the central portion of the forward turbine disk (see figs. 2 and 3).
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Because the pilot bearings were surrounded by relatively high-temperature
air from the compressor discharge, it was necessary to cool them by cir-
culating water in an annular chamber around the outer race of the bear-
ings. The basic principles of the mechanical design of this tail-cone
cooling-air piping system were the same as those described in reference 6,
except that the forward end of the cooling tube was attached to the tips
of the spider vanes instead of free floating and a braided bellows, be-
lieved to be more flexible than the bellows shown in reference 6, was
utilized.

As a precautionary measure, the mounting flange for the tail cone
was modified to provide a blow-out or rupture section of thin sheet metal
(about 0.040 in. thick) above the tip of the turbine rotor blades in place
of the heavy turbine shroud on the standard engine (see fig. 3). The
purpose of this blow-out section was to permit the immediate escape of
. any rotor blade that failed during operation, thus reducing the possibili-
ty of damage to the remaining blades in the rotor.

Instrumentation

In addition to the basic instrumentation required for normal opera-
tion of an engine, speclal instrumentation was used to measure quantities
of particular interest to. this investigation. The engine speed was regu-
lated with the aid of a stroboscopic tachometer, and a chronometric ta-
chometer was used to accurately measure the engine speed. The fuel flow
to the engine was measured by means of calibrated rotameters, and the
engine thrust was measured by a calibrated strain-gage thrust meter.

Pressures and temperatures. - The locations of pressure and tempera-
ture measuring stations are given in figure 1, and the distribution of
measurements at these stations i1s shown in figure 5. The thermocouples
located at stations 3, 4, and 5 were chromel-alumel while all the other
- thermocouples were iron-constantan. Temperatures at stations 1, 2, 4,
and 5 were determined from the arithmetical averages of the thermocouples
distributed circumferentially and radially at these measuring stations.
The thermocouples at the -turbine inlet, station 3, were used only for
engine operation as they were located in the burner core and indicated
temperatures that were much higher than the average turbine-inlet tempera-
ture. Because the thermocouples at this station were inadequate to obtain
a representative average measured temperature, the turbine-inlet tempera-
ture was calculated by the method described in appendix B.

Temperatures were also measured on the turbine rotor blades and the
turbine disks and in the cooling-air passages at the base of the blades.
The locations of the blade and cooling-air thermocouples are shown in
figure 6. The disk thermocouples were located at 3.0-, 7.0-, 9.5-, 11.4-,
and 13.0-inch radii on both the forward and rear halves of the rotor.
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All thermocouples on the rotating parts were chromel-alumel. The ther-
mocouple leads extended from the measuring points through a 3/8-inch-
diameter hole along the centerline of the turbine and compressor shafts
to a slip-ring thermocouple pickup on the front -of the engine (see

fig. 1).

Pressures were measured with manometers in which mercury, tetra-
bromoethane, alkazine, or water were used as reference fluid depending
upon the magnitude of the pressure. Radial distributions of total pres-
sure were measured at a number of circumferential locations at stations
1, 2, 4, and 5. In additlon, the radial distribution of static pressure
was measured at station 1.

Air flow. - In order to accurately determine the effect of varying
amounts of compressor bleed-off on the performance of the engine, exten-
sive measurements were made of the main engine air flow and the auxiliary
alr flows at various places on the engine setup. Venturi meters, sharp-
edge orifices, and pitot-static tubes were used to obtain these air-flow
measurements. (Locations of the measuring stations are given in fig. 1.)
The symbols ideutifying each component of the air flow are given in ap-
pendix A, and the methods of measuring these components are shown in ap-
pendix B.

Accuracy. - The accuracy of the measurements reported herein is es-
tlmated to be within the following limits:

Fngine speed, percent . « « « « v ¢ « ¢ « 4 4 o o s+ s 0 o s . . 0.5
Fuel flow, percent . . « . o ¢« v ¢ o « 4 ¢ 4 o 0 e 4 e 0 e e 1
Thrust, percent . .+ ¢ . « ¢ ¢ v ¢ v o o 6 0 vt e 0 e e 0 e e e s 1
Pressure, in. HE . « + ¢ ¢ « v o ¢ ¢ ¢ o o o+ o o « o+ « « « . . 0.10
Air weight flows, percent . « v v ¢« ¢+ ¢ v o « o « o « « o o o o « ]
Mr temperature, OR . . « + ¢ ¢ + v v v v e b e e e e e e e e e 2
Gas temperatures, OR . . . . . v . . . .0 00w e e e .. *10
PROCEDURE

In this investigation, when the engine was started, cooling air for
the turbine was supplied from the laboratory high-pressure air system.
After the englne reached an idling speed of approximately 3000 rpm, the
cooling-air supply was shifted from the laboratory system to compressor
bleed. No attempt was made to start or to shut-down the engine on com-
pressor bleed air in the present investigation. The engine was operated
at corrected speeds of approximately 5000, 6000, 7000, and 7930 rpm with
the adjustable exhaust nozzle in the fully open position (exhaust-nozzle
area, 2.40 sq ft). At each speed, except 7930 rpm, the coolant-flow ratio
was varied from approximately 0.05 to a minimum (zero at 6000 and 7000
rpm) that would still provide a safe short-time operating blade tempera-
ture (approx 1100° F). At a corrected speed of 7930 rpm, only one point
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was obtained (coolant—flow ratio of approximately 0.03) because of ex-
cessive turbine-inlet temperatures (well above the permissible limit of
2060° R) which threatened to damage the burner transition section and
combustion chambers. At a corrected engine speed of approximately 7000
rpm, runs were made at two additional exhaust-nozzle settings, 2.32 and
2.26 square feet, over a range of coolant-flow ratios.

All symbols used in this report are presented in appendix A; and the
methods for obtaining the various component weight flows, turbine-inlet
temperature, specific thrust, and thrust specific fuel consumption are
indicated in appendix B.

RESULTS AND DISCUSSION
Effect of Cooling-Air Bleed on Engine Performance over Range of
Engine Speeds with Fixed Jet Nozzle Area

A summary of the engine operating conditions covered in this inves-
tigation is given in table I. The effects on turbine-inlet temperature
ratio, specific thrust, and thrust specific fuel consumption of various
amounts of cooling air bled from the compressor discharge over a range
of engine speeds at a fixed jet nozzle area of 2.40 square feet are pre-
sented in figures 7 to 9.

As shown in table I, zero coolant-flow ratios were obtained only at
engine speeds of about 6000 and 7000 rpm, and the maximum coolant-flow
ratio at all speeds (except rated speed) was approximately 0.05. Low
turbine efficiencies (on the order of 74 percent) resulted irn excessive
turbine-inlet temperatures which prevented operation over a range of
coolant-flow ratios at rated speed. The curves presented in figure 7
were extrapolated to glve a range of coolant-flow ratios from zero to 0.06
as shown by the dashed lines. Because only one coolant-flow ratio was run
at rated speed (7930 rmp), the curves drawn through this point were based
on the general slope of the curves at lower engine speeds.

In figure 7(a) is shown the variation of turbine-inlet temperature
ratio with coolant-flow ratio under these engine operating conditions.
At a constant coolant-flow ratio, the turbine-inlet temperature level
rose with increase in engine speed for the range of speeds shown, but at
speeds lower than about S000 rpm, the temperature increased with decrease
in engine speeds. Turbine-inlet temperature ratio increased linearly with
increase in coolant-flow ratio at all engine speeds. This increase in
temperature is required to maintain engine speed with a turbine weight
flow reduced by the bleeding of cooling air from the compressor and to
pump the additional amount of cooling air through the rotor blades. From
figure 7(a) it can be seen that at a corrected engine speed of 6963 rpm,
each increase of 0.0l in coolant-flow ratio resulted in approximately a
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2.4-percent increase in the turbine-inlet temperature ratio. Increases
in turbine-inlet temperature ratio with coolant-flow ratio of the same
order of magnitude occurred at other constant engine speeds from 5000 to
rated rpm.-

Accompanying the increased turbine-inlet temperature ratio caused by
bleeding cooling air from the compressor were changes in specific thrust
and thrust specific fuel consumption (TSFC) as shown in figures 7(b) and
(c), respectively, for the same engine operating conditions. The specif-
ic thrust plotted in figure 7(b) was determined by the method described
in appendix B. As would be expected, the thrust level increased with
engine speed. It can also be seen that, at a given constant speed with
a fixed jet nozzle area, the specific thrust increased linearly with
increase in coolant-flow ratio for the range of coolant flows covered.

At a constant engine speed, there was a negligible variation of
compressor-inlet weight flow and compressor pressure ratio with coolant-
flow ratio; therefore, changes in measured specific thrust shown in this
figure are essentially changes in thrust alone. This increase in thrust
is the result of increased velocity of the gas at the jet nozzle caused
by the higher jet nozzle temperature and pressure. The percentage in-
crease in specific thrust with each increase of 0.0l in coolant-flow ratio
varied from about 1.88 percent at 4877 rpm to about 2.44 percent at 6963
rpm. At constant turbine-inlet temperature and constant speed, specific
thrust would decrease with increased coolant-flow ratio. This case will
be discussed in more detail in the section Effects of Turbine Efficiéncy
and Temperature on Performance.

_ The thrust specific fuel consumption plotted in figure 7(0) was
determined by the method described in appendix B. At a constant corrected

engine speed with fixed jet nozzle area, TSFC increased linearly with in-

crease in coolant-flow ratio. The fuel consumption Wy increased to give

the increased turbine-inlet temperature previously discussed. Although
the thrust also increased with the coolant-flow ratio, the fuel consump-
tion increased at a more rapid rate and therefore the thrust specific fuel
consumption increased. Increases in TSFC of about 1/2 to 1 percent oc-
curred at speeds between 5000 and 7000 rpm for each increase of 0.0l in
coolant-flow ratio.

Effect of Cooling-Air Bleed on Engine Performance at 88 Percent
Rated Speed and Various Jet Nozzle Areas

The performance results obtained when operating the engine at a
constant corrected engine speed of 7000 rpm over a range of coolant-flow
ratios and jet nozzle areas are presented in figure 8. This speed is 88
percent of rated speed and is approximately cruising speed for this en-
gine. 1In this investigation, it was desired to know the effect on engine
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performance of bleeding cooling air from the compressor discharge over

a range of turbine-inlet temperatures. In order to cover such a range

of engine operating conditions, the jet nozzle area was varied. A reduc-
tion in jet nozzle area resulted in higher pressure levels downstream of
the turbine and, consequently, a smaller turbine pressure ratio. In order
for the turbine power output to remain high enough to drive the compressor
at the desired speed, an increase in turbine-inlet temperature was re-
quired. The lines of constant jet nozzle area Ag shown on figure 8 are

the areas set during the experimental operation. The absolute values of
the jet nozzle area are of no real significance within themselves, but
they do show the range of operation from the maximum, or open, jet nozzle
area (2.40 sq ft) to the minimum area (2.26 sq ft) investigated. This
latter area was the smallest area which would permit continuous operation
at maximum coolant-flow ratio (about 0.05) without exceeding the permis-
sible turbine-inlet temperature limit of about 2060° R (see table I).

The range of coolant-flow ratios presented in table I for the engine
operating conditions investigated was extrapolated to cover a range from
zero to 0.06 by the same method used for figure 7. Fairing of curves of
the performance parameters and cross-plotting of these faired curves have
resulted in some final values in figure 8 that deviate slightly from the
values listed in table I.

In figure B(a) is shown the variation of specific thrust with
turbine-inlet temperature ratio at various jet nozzle areas and coolant-
flow ratios and a constant corrected engine speed of 7000 rpm. At a
constant turbine-inlet temperature ratio, specific thrust increases as
the jet nozzle area is reduced because of higher gas velocities at the
jet nozzle. These higher gas velocitles are the combined effect of re-
duced jet nozzle area and of reduced coolant flow, which results in a
lower turbine pressure ratio and therefore a higher pressure at the jet
nozzle. Along a line of constant coolant-flow ratio, it can be seen that
the turbine-inlet temperature ratio increased to counteract the reduction
in turbine pressure ratio after the jet nozzle area decreased sufficiently
to take the turbine out of limiting loading. This increase in temperature
due to reduced nozzle area caused the specific thrust to rise. At a
constant jet nozzle area, the changes in specific thrust and turbine-inlet
temperature ratio are similar to those discussed in connection with fig-
ures 7(a) and (b).

The changes in corrected thrust specific fuel consumption with
turbine-inlet temperature ratio for the range of engine operation previ-
ously described are shown in figure 8(b). At a constant coolant-flow
ratio, reduction of jet nozzle area from the open position (2.40 sq ft)
resulted in an initial decrease in TSFC with very little change in
turbine-inlet temperature ratio. These trends in temperature and fuel
consumption indicate that the turbine was probably in a condition of
limiting loading with the jet nozzle open. Further reduction in the Jjet
nozzle area at constant coolant-flow ratio caused an increase in turbine-
inlet temperature ratio with an accompanying increase in TSFC as would
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normally be expected in this type of engine operation. At a constant
turbine-inlet temperature ratio and decreasing jet nozzle area, the de-
crease in TSFC with decreasing coolant-flow ratio was due to the increase
in thrust shown in figure 8(a) for the same conditions. The changes in
TSFC with coolant-flow ratio at a constant jet nozzle area were similar
to those discussed in connection with figure 7(c).

Comparison of Analytical and Experimental Results

The results of an analyticel matching study to determine the effect
of a compressor-discharge bleed-off for turbine cooling on the perform-
ance of an engine similar to the present experimental engine are reported
in reference 4. A comparison of these results with data from the present
investigation was made over a range of coolant-flow ratios at an engine
speed of 6963 rpm and a Jjet nozzle area of 2.40 square feet in an attempt
to check analytical methods of predicting the performance of an engine
under these operating conditions. The results of this comparison are
shown in figure 9. The experimental curves for parts (a), (b), and (c)
of figure 9 are taken from parts (a), (b), and (c) of figure 7, respec-
tively, of this report.

Because of certaln differences in the two engines, the main one being
turbine efficiency, these comparisons can be treated only as indications
of relative effects of cooling on engine performance. For the analytical
calculations, the turbine efficiency was on the order of 79 percent (vased
on the cold-air results of ref. 7), whereas an efficiency of only 74 per-
cent was determined in the present investigation. Changing the stator-
blade setting to permit higher mass flow (as described previously) re-
sulted in mismatching of the compressor and turbine and possibly moved
the turbine operating point into a region of limiting loading with the
resultant low effieiencies.

Another factor which possibly adversely affected the turbine effi-
clency of the experimental engine was the large clearance between the tip
of the turbine rotor blades and the inner diameter of the blade blow-out
section. This clearance was set proportionally higher on the experimental
engine than on the cold-air scale model (ref. 7) for mechanical reasons
because of the range of operating temperatures involved. In addition,
the high operating temperature of the experimental engine caused differ-
ential expansions which further increased this clearance. The effect of
this large clearance space, which permitted the combustion gases to leak
past the turbine, was to reduce the effective turbine weight flow with a
resultant increase in required turbine-inlet temperature and a decrease
in turbine efficiency.
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The effects of reduced turbine weight flow and low turbine efficiency
can be seen from the equation for total turbine work:

-1
T
AH, = Wz CpT4 1- (Pi/Pé) (1)

Equation (l) shows that to maintain a given value of total turbine work
AH, , when the turbine weight flow wz and turbine efficiency 1, are

reduced and the pressure ratio pi/pé remains essentially constant, re-
quires an increase in turbine-inlet temperature Té. The amount of this

increase in temperature required to compensate for the low turbine effi-
ciency and reduced turbine weight flow in the present engine is shown in
the comparison of absolute values of the experimental and analytical
turbine-inlet temperature ratios shown in figure 9(&). Although there

is a difference in the level of the absolute values of the temperature
ratios, it can be seen that the relative effect of cooling on the tempera-
ture ratio is practically the same for both cases.

As a result of the higher temperature level, the specific-thrust
level for the experimental case was higher than that for the analytical
case on the similer engine (see fig. 9(b)). However, the relative effect
of cooling on specific thrust is very similar for the two cases.

A comparison between the experimental and analytical values of thrust
specific fuel consumption on the two similar engines is shown in figure
9(c). The levels of the absolute values of TSFC are also different be-
cause of the difference in turbine-inlet temperature levels. Comparison
of the relative effects of cooling on TSFC for the two cases shows that
cooling caused a slightly greater increase in TSFC for the analytical
case.

In general, all the comparisons in figure 9 show that the measured
relative effects of cooling on engine performance agree in trend with
those predicted analytically. The differences in the asbsolute values of
the performance parameters shown in this figure are due to difference in
matching characteristics of the two engines.

Effects of Turbine Efficiency and Temperature on Performance

The experimental results presented herein have shown how variations
in compressor-discharge bleed-off for turbine cooling affect the perform-
ance of one particular engine with the component efficiencies and ‘turbine-
inlet temperature range experienced during the experiment. Poor component
matching and low turbine efficiency in the engine investigated resulted in
relatively high thrust specific fuel consumption and high specific thrust
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values for the range of engine speeds and turbine-inlet temperatures
covered. Because the turbine efficiency and the turbine-inlet tempera-
ture level were much lower in the experimental engine than would probably
be utilized in a future engine designed for air cooling, the performance
variations experienced with this engine due to turbine cooling cannot be
readily used in their present form to predict the operation that would

be obtained with a high-temperature, high-performance engine. The per-
formence veriations presented herein are much inferior to what could be
expected of this latter engine. In order to illustrate this, analytical
comparisons are presented in figure 10 to show the separate effect of
turbine-inlet temperature level and turbine efficiency level on the per-
formance variations resulting from cooling of the turbine with compressor-
discharge bleed-off. In this analytical comparison, the compressor opera-
tion is fixed at the point corresponding to zero coolant flow at 7000 rpm
with the experimental engine.

From a designer's point of view, an engine will probably be designed
for a specified turbine-inlet temperature, and the compressor and turbine
will be matched for operation at this temperature for a given quantity of
compressor bleed-off for turbine cooling. For this reason figure 10 1s
presented for the case where turbine-inlet temperature does not vary with
coolant-flow ratio. The curves show the effect of design coolant-flow
ratio on engine performance, relative to the case with no cooling air.
The calculations for this analysis were made by the method detailed in
reference 14. Two constant turbine-inlet temperatures were chosen for
the comparison. The first was 1760° R, which is equal to the temperature
encountered in the present engine with zero coolant-flow ratio at 7000
rpm, and the second was 2500° R, which is representative of the proposed
temperature levels of future engines where turbine cooling will be a
necessity. In combination with the specified temperatures, turbine ef-
ficiencies of 74 percent, the efficlency of the present turbine, and 85
percent, a value representative of good current and future engine design,
were used.

It can be seen from the results of these calculations plotted in
figure 10 that, with a constant turbine-inlet temperature of 1760° R
each percent of cooling caused a decrease of about 0.02 and 0.03 in
specific-thrust ratio for turbine efficiencies of 85 and 74 percent, re-
spectively, and increases of about 0.0l and 0.025 in thrust-specific-fuel-
consumption ratio for the same two cases. The better performance of a
high-efficiency turbine is obvious.

If the turbine-inlet temperature level were raised to 2500° R, it
can be seen from figure 10 that for both efficiency cases each 1 percent
of cooling air will cause only about l-percent decrease in specific thrust
while the thrust specific fuel consumption remains practically constant.
The effect of turbine efficiency 1s much less pronounced at this tempera-
ture than at the low-temperature level. It is obvious from these com-
parisons that the engine performence of this investigation would be much
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improved if mismatching of components had not caused such low turbine
efficiencies. By referring to the trends in the values of relative per-
formance parameters shown in figure 10, it can be seen that the low tur-
bine efficiency and resulting high turbine-inlet temperature of the ex-
perimental engine caused two counteracting changes in performance. Low
efficiency caused greater losses in specific thrust and higher TSFC,
while higher temperatures resulted in lowver specific-thrust losses and
lower TSFC. From the comparison of the analytical and experimental data
plotted in figure 9, it would appear that these counteracting effects
very nearly compensate for each other, so that the engine performance
with cooling relative to the case of no cooling is practically the same
for the two cases.

Some Operational Aspects of the Engine

As cooling of turbine rotor blades with air bled from the compres-
sor is a relatively new field, some aspects of the operating character-~
istics of an engine under these conditions should be of interest. This
air-cooled engine was a provisional modification of an existing
production-model engine, and therefore its operating characteristics
would not be necessarily representative of an engine which was initially
designed to incorporate a compressor bleed system for air cooling of the
turbine. However, such things as the levels of blade and disk tempera-
tures, amounts of cooling air required, wearing qualities of the non-
critical blades, and so forth, are of general interest as indications
of the behavior of such components in any air-cooled engine. ‘

The starting and low-speed acceleration characteristics of the en-
gine were unsatisfactory due to the mismatching of the turbine with the
compressor, which resulted in the poor aerodynamic efficiency of the
turbine tested. Some changes in the standard controls system for the
engine were found to be necessary for improving the low-speed operation.
At speeds above 4500 rpm, the engine responded well to throttle advances
and operated smoothly over the range of speeds from 5000 to about 7500
rpm, although the engine temperature levels were much higher than the
design value due to low turbine efficiencies over the entire speed range.

The turbine rotor blades, which were fabricated of noncritical ma-
terials consisting of about 96-percent iron, were operated for a total
of about 52 hours (of which the operations tabulated in table I are only
a part) in this engine at speeds from idle to rated and coolant-flow
ratios from zero to 0.05. During this range of operations, turbine-
inlet temperatures from 1511° to 2314° R (1051° to 1854° F) were en-
countered. The maximum temperature of 2314° R at rated speed of 7930
rpm was held for only a 10- or 15-minute duration. Overheating of en-
gine parts such as combustion chambers and associated sections prevented
sustained operation at this temperature and speed. Reference 15 gives
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an indication of the design provisions necessary for continuous opera-
tion of an engine at such elevated temperatures with sufficient cooling
protection to all parts of the engine. The major portion of the experi-
mental testing on this engine was done at 7000 rpm, where turbine-inlet
temperatures from 1761° to 2039° R (1301° to 1579° F) were encountered.
Visual inspection of the noncritical rotor blades at the completion of
52 hours of operation showed no evidence of elongation, distortion,
surface erosion, cracking, or other physical failure. Some of the
chemically deposited nickel coating and puddled-on fillets at the shell-
to-base Jjoint were lost during operation, but apparently with no adverse
effect to the blades.

As has been mentioned in the APPARATUS section, errant braze ma-
terial caused severe blockage of the cooling passages in these blades,
and efforts to remove this material were only partially successful. As
a result of this obstruction to the cooling-air flow in the blades, the
cooling effectiveness was greatly impaired and the blade temperatures
were higher than they would have been otherwise. Therefore, the tem-
peratures measured on the rotor blades during this investigation do not
reveal the true merits of the cooling characteristics of this type of
blade configuration. These temperatures will be presented herein, how-
ever, to give the general range of blade temperatures obtained and to
1llustrate the effect of cooling on blade temperatures and the effect
of blade temperatures of a noncritical blade material on the required
coolant-flow ratio and therefore the operating point of the engine.

The variation of measured average turbine rotor-blade temperatures
with turbine-inlet temperature over the range of coolant-flow ratios at
7000 rpm is presented in figure 11. The range of operation was extra-
polated to the same extent and by the same method used for figure 8.
Because of the possible variation of temperatures between blades due to
the coolant-air passage blockage, only general bands of blade tempera-
ture at various coolant-flow ratios are indicated. The line of limiting
pernissible turbine-inlet temperature ratio (about 3.96) shown on the
figure represents the turbine-inlet temperature of 2060° R previously
described as the limit set for continuous engine operation. This limit
was determined by parts of the engine other than the turbine rotor
blades. The line labeled "stress ratio factor, 2.3" at a blade temper-
ature level of 1120° F was the limiting operating temperature set for
the air-cooled blades. In reference 12, a stress-ratio factor (ratio
of the average allowable blade stress-rupture strength to blade average
centrifugal stress) of 2.3 was recommended in the absence of more de-
tailed design data as a tentative design criterion for air-cooled shell-
supported blades made of Timken 17-22A(S). Other materials could con-
ceivably permit much lower stress-ratio factors (higher stresses), but
this value represents a conservative design stress level. The upper
boundary of the shaded areas on the figure is set by the minimum jet
nozzle area investigated, which was 2,26 square feet. This area setting
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was chosen for investigation because it was the smallest area which
would permit engine operation at the maximum coolant-flow ratio (about
0.05) at a turbine-inlet temperature less than 20600 R. As can

be seen from the figure, operation at Jjet nozzle areas less than 2.26
square feet would be permissible at coolant flows lower than 0.05. Be-
cause the range of Jet nozzle areas investigated was determined on the
basis of engine performance with blade temperature range being only a
secondary consideration, areas below 2.26 square feet were not covered
in this investigation.

It can be seen from figure 11 that increased coolant-flow ratio
effected a reduction'in average blade temperature, but that the effect-
iveness of each percent of cooling air diminished as the coolant-flow
ratio increased. For the range of engine operating conditions shown,
the average blade temperature varied from about 1100° to 1150° F with
no coolant to about 900° F at a coolant-flow ratio of 0.05. However,
this increase in coolant-flow ratio is accompanied by a rise in turbine-
inlet temperature ratio from about 3.4 to about 3.85 (temperature in-
creases on the order of 250° F). 1If the band for a coolant-flow ratio
of 0.0l were extrapolated to the limiting blade temperature line (stréss-
ratio factor of 2.3), it can be seen that operations at turbine-inlet
temperature ratios up to about 3.6 (approximately 1868° R) would be per-
missible. ©Similar extrapolations at higher coolant-flow ratios which
would permit higher turbine-inlet temperature ratios could be made, but
the accuracy of the values obtained would be questionable without more
operating data to indicate trends over the extrapolated region.

Temperatures existing in the rear half of the turbine rotor during
operation at a jet nozzle area of 2.40 square feet varied from 960° R
(500° F) at the hub to 1324° R (864° F) at the rim for zero coolant flow
and from 860° R (400° F) at the hub to 1259° R (799° F) at the rim for
a coolant-flow ratio of 0.05. The average temperature of the blade cool-
ing air at the entrance to the blade base varied from 910° R (450 F)
for the case of a coolant-flow ratio of 0.0489 to temperatures on the
order of 1060° R (600° F) at very low coolant-flow ratios. This in-
crease of cooling-air temperature with decrease in coolant-flow
ratio is due to the heat added to the cooling air during the passage
through the tail-cone struts, air supply tubes, and rotor impeller. In
engines originally designed for turbine cooling, methods of introducing
air to the turbine which do not use the high-temperature route through
the tail cone would reduce the heat added to the cooling air before
reaching the turbine rotor. This would increase the cooling effective..
ness of the air and permit operation at lower coolant-flow ratios. Such
methods of air introduction are discussed in reference 5.

Cooling air was bled from the compressor discharge rather than some
other location on the compressor of this engine as a matter of conven-
ience because bleed-off facilities existed at this point on this engine.
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Reference 3 points out that, if permissible from the standpoint of
cooling-air pressure, it is desirable to bleed off cooling air at an
earlier stage. At a constant turbine-inlet temperature this earlier
bleed-off point would result in a slight improvement in specific thrust
and thrust specific fuel consumption. In addition to these advantages,
the resulting lower cooling-air temperatures would reduce the required
amount of bleed-off for cooling purposes.

The nature of the present provisional compressor bleed-off system
was such that unduly large pressure drops in the cooling air were en-
countered. Comparison of the pressures at the compressor discharge and
at the entrance to the rotor hub for the maximum coolant-flow ratios
(tabulated in table I) will show the magnitude of these pressure drops
at various engine speeds. Proper attention at the initial design of an
air-cooled engine should greatly reduce these pressure drops. With such
a design, higher coolant-flow ratios than those obtained in this inves-
tigation would be possible, or for the same range of coolant-flow ratios,
the cooling-air supply could be bled from an earlier stage on the com-
pressor. The losses in performance due to cooling that were measured
in this engine were higher than necessary because of the high internal
pressure losses of the cooling system and because compressor—discharge
bleed-off required throttling losses in order to control the quantity
of coolant flow.

SUMMARY OF RESULTS

The following results were obtained in an investigation of the per-
formance of an axial-flow-compressor turbojet engine equipped with a
split-disk turbine rotor using air-cooled corrugated-insert rotor blades
and provided with a cooling-air supply from a compressor-discharge
bleed:

1. At a constant engine speed of about 7000 rpm and constant Jet
nozzle area of 2.40 square feet, turbine-inlet temperature ratio, spe-
cific thrust, and thrust specific fuel consumption all increased approx-
imately linearly with increase in coolant-flow ratio. The percentage
increases in these three parameters with increases in amount of cooling
air bled from the compressor discharge are about 2.4 percent, 2.44 per-
cent, and 1 percent, respectively, for each percent of coolant flow.

2. Comparisons of the measured (experimental) values of performance
parameters from the present investigation with analytical values from a
previous matching study on a similar engine show that the trends of the
changes in the engine performance parameters with cooling for the two
cases are similar.
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3. Analytical calculations showed that, when an engine designed
for air cooling is operated at fixed compressor conditions, a constant
turbine-inlet temperature of 1760° R, and a constant turbine efficiency
of 74 percent, each percent of cooling air bled from the compressor dis-
charge will cause about a 3-percent decrease in specific thrust and
about a 2-percent increase in thrust specific fuel consumption. If the
turbine efficiency of this engine design were increased to 85 percent,
each percent of cooling would then result in a 2-percent decrease in
specific thrust and about a l-percent increase in thrust specific fuel
consumption. By increasing the turbine-inlet temperature to 2500° R, a
further reduction in losses would occur, whereby each percent of cooling
results in only a l-percent decrease in specific thrust with the thrust
specific fuel consumption remaining essentially constant.

4. Due to low turbine efficiencies, the starting and low-speed ac-
celerating characteristics of this engine were very poor, and the
turbine-inlet temperatures over the entire range of speeds investigated
were higher than the design values.

5. The noncritical turbine rotor blades showed no signs of crack-
ing, elongation, distortion, or erosion after about 52 hours of opera-
tion. Average blade temperatures measured during the investigation
showed that the blades could be operated at 7000 rpm with a coolant-
flow ratio of 0.0l and a turbine-inlet temperature of 1868° R (14080 F)
to give a stress-ratio factor (ratio of average allowable blade stress-
rupture strength to blade average centrifugal stress) of 2.3, which is
considered a safe design value.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 21, 1954
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APPENDIX A

SYMBOLS

The following symbols are used in this report:
A area, sq ft
specific heat at constant pressure
F thrust, 1b
f/a fuel-air ratio
g standard gravitational acceleration, ft/sec2
H lower heating value of fuel at 600° R, Btu/lb

AHy total turbine work, Btu/sec

H/C hydrogen-carbon ratio

h enthalpy, Btu/lb

M Mach number

N rotational speed, rpm

P pressure, in. Hg abs

R gas constant, ft-1b/(°R)(1b)
T temperature, °F or °R

W weight flow, lb/sec

We fuel weight flow, lb/hr or lb/sec

Y ratio of specific heats
B pressure correction ratio, p'/pé
1 efficiency
T R
6 temperature correction ratio, er
1
(Y+1gRT>o

NACA RM E54L28a
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Subscripts:

b burner

f fuel

i indicated

t turbine

0 NACA sea-level standard; zero coolant-flow condition when

used with engine performance parameters
1 to 15 measuring stations (see fig. 1)
Superscript:

' indicafes total conditions
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CALCULATION PROCEDURE FOR DETERMINATION OF WEIGHT FLOW,

TEMPERATURE , AND ENGINE PARAMETERS

Calculation of Component Weight Flows

The various components of weight flow that make up the total engine
weight flow were measured in the following ways (see fig. 1 for location
and description of measuring stations):

Quantity Source Purpose Method of measuring
Vg Test-cell fuel lines |Fuel supply Calibrated rotameter
W W or w Turbine rotor and Instrument rake

7 12 13 .
blade cooling
w8 Compressor Bth stage {Forward-rotor-face |Sharp-edge orifice
cooling
LA Compressor 12th stage |Compressor balance |Pitot-static tube
Y10 Compressor rear frame |Overboard vent for |Sharp-edge orifice
compressor rear seal
Vi1 Compressor discharge |Rear-rotor-face Sharp-edge orifice
: cooling
V1o Compressor discharge |Turbine rotor and Venturi
blade cooling
W13 Laboratory high- Turbine rotor and Sharp-edge orifice
pressure air supply |blade cooling
Yig Test-cell leakage Calibrated over a
range of cell-to-
ambient pressure
differences
Y15 Test-cell air intake |Engine air supply |Venturi

Compressor-inlet weight flow wy. - Compressor-inlet weight flow

was calculated by two methods.
component weight flows:

The first method was a summation of




NACA RM E54L28a 23

Wy = Wi bWy, b Vg + W (B1)

Part of the compressor balance air wg passes directly into the first

stage of the compressor and part leaks overboard and reenters the
engine-inlet flow nozzle. However, the quantity of this flow is rela-
tively small and does not appreciably affect the total gquantity Wy

The second method was based on temperatures and pressures measured at

station 1:
lg
W1 = PiAMy RT, (2)

where M; was obtained from table I of reference 16 for values of
pl/pi. The compressor-inlet temperature Tl was determined from Ti

as described in the following section on temperature correction, and .it
is assumed that T; = T{ (valid for M < 0.2). The ratio of specific

heats of the compressor inlet y; was assumed to be 1l.4. Weight flows

measured by the two methods agreed within 1 percent over the range of
engine speeds.

Turbine-inlet weight flow wz. - Turbine-inlet weight flow was

calculated by a summation of component weight flow as follows:
W3 = Wls + Wl4: + Wf - w8 - wll - W12 (BS)

The fuel-air ratio at the turbine inlet was determined as follows:

£\ _ ¥
@) == (3)

Temperature Determination

Correction to measured temperatures. - All temperatures were meas-
ured by means of thermocouples. 1In order to account for the recovery
factor of the thermocouples, a calibration of the thermocouples was
made in a free jet of air. A generalized relation between the total-
to-static pressure ratio of the air jet and the ratio of the temperature
error to the indicated temperature ((T' - Ti)/T;) of the thermocouple
was developed from this calibration, and all measured temperatures were
corrected according to this relation to obtain a corrected measured
temperature.
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Calculated turbine-inlet temperature. - Because it was impractical
to make a reasonable measurement of the average turbine-inlet tempera-
ture, this quantity was calculated from the method set forth in refer-
ence 17. BEquation (8) of this reference, when rewritten in the nomen-
clature of this report, is

(B5)

where H = 15,935 + 15,800(H/C) from reference 17 and H/C = 0.169 for
the fuel used. The burner efficiency mny, was assumed to be 0.98, and

the value of hp was considered negligible. From this value of h=z,
the turbine-inlet temperature Té can be determined from chart II of
reference 17.

Engine Performance Parameters

Corrected specific thrust. - Corrected specific thrust is defined
as F/w14/91. The thrust F was measured by a strain-gage thrust link

and was also calculated by the method indicated in appendix B of ref-
erence 4. Because the test cell and the exhaust muffler (see fig. l)
were at different pressure levels (pressure higher in the muffler),
there was a net force exerted on the engine. The magnitude of this
force was calibrated over a range of engine thrust and cell-to-muffler
pressure differences. The indicated thrust from the strain-gage read-
ing was corrected by subtracting the force due to this pressure differ-
ence. Also, due to this same pressure difference between cell and
muffler, the expansion across the jet nozzle was not as great as would
occur in an engine operating in free air. This decrease in thrust was
accounted for by adding to the indicated thrust the product of the
tail-pipe area and the pressure difference. The indicated thrust with
the two aforementioned thrust corrections yields the measured thrust

of the engine. Only the second of the two thrust corrections mentioned
was necessary to correct the calculated thrust.

The measured and calculated thrust agreed within 2 percent over
the range of engine speeds. The measured thrust and the compressor-
inlet weight flow determined by equation (1), after correction of both
to standard sea~level conditions, were used to determine values of
specific thrust for the present report.

Corrected thrust specifuc fuel consumption. - Corrected thrust
specific fuel consumption is defined as Wf/F4/61' The fuel consumption
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wg, as measured by a calibrated rotameter, was corrected to standard
sea-level conditions wf/qu/G . The corrected measured thrust F/Sl,
as determined in the preceding section, was used in conjunction with the

corrected fuel consumption to determine the corrected thrust specific
fuel consumption wf/F ", 0.
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(a) Tip view.

Trailing Ag
leading edge ng edge

Va Y

C-35156
(b) Side view (pressure surface).

Figure 4. - Air-cooled corrugated-insert turbine rotor blade for modified engine.
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(a) Compressor inlet, station 1. (b) Compressor discharge, station 2.

(c) Turbine inlet, station 3.

o Total pressure
O Btatic pressure
® Temperature

(e) Tail pipe, station S. -

Figure 5. - Temperature and pressure surveys installed at measuring stations in engine.
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Leading Trailing
edge edge

»ion

e Thermocouple

L, . . #J 1 location

Figure 6. - Location of thermocouples for rotor-blade temperature
distribution.

33



34

Turbine-inlet temperature ratio, T:'S/Ti
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Coolant-flow ratio, w7/wl

(a) Turbine-inlet temperature ratio.

Figure 7. - Variation of engine performance with coolant-flow ratio over
range of corrected engine speeds at jet nozzle area of 2.40 square

feet.



NACA RM E54L28a

64
_-
NN L
Average corrected N et
engine speed, N/Alel, | T
-
7931 —~ T
e
—-
-
L —
56 L]
52
S
~
(4]
o
w
2o
~ 48 —
:| }/’
l% e
—~ "]
5 .
6963 L
= 44 /,4
@ ] -
ﬁ &
Es
® 40
[9]
Lal
b
@
o
[0}
rg 36 - - —
g //Dﬂ"
4 976 =
E S 7.____,—0—
° 32 — |
a
28
P— T
. Y, S, oy
4877 —|-o—T"
24 = fe=
20 : -
0 .01 .02 .03 .04 .05 .06 .07
Coolant-flow ratio, w7/w1
{(b) Corrected specific thrust.
Figure 7. - Continued. Variation of engine performance with coolant-

flow ratio over range of corrected engine speeds at jet nozzle area
of 2.40 square feet. : Lo



36

Corrected thrust specific fuel consumption, ve/FA/6y, 1b/lb-hr
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Averﬁ e corrected
engine speed, N/\/Gl,
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Coolant-flow ratio, w7/w1

(e) Corrected thrust specific fuel consumption.

Figure 7. - Concluded. Variation of engine performance with coola.nt—flbw

.ratio over range of corrected engine speeds at Jet nozzle area of 2.40
square feet.
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Turbine-inlet temperature ratio, T§/Ty

(a) Corrected specific thrust.

Figure 8. - Variation of engine performance with
turbine-inlet temperature ratio at corrected
engine speed of 7000 rpm for ranges of coolant-
flow ratios and jet nozzle areas.
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Turbine-inlet temperature ratio, T§/T{
(b) Corrected thrust specific fuel consumption.
Figure 8. - Concluded. Variation of engine performance with turbine-inlet temperature

ratio at corrected engine speed of 7000 rpm for ranges of coolant-flow ratios and
Jet nozzle areas.
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—_—O— Measured performance
) b —— Analytical performance
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(b) Corrected specific thrust.
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(¢) Corrected thrust specific fuel consumption.

Figure 9. - Comparisdn of analytical and measured verijations in engine per-
formance parameters with coolant-flow ratio at corrected engine speed of
6963 rpm and jet nozzle area.of 2.40 square feet.
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(b) Thrust specific fuel consumption.

Figure 10. - Analytical predictions of air-cooled engine
performance at corrected engine speed of 7000 rpm and
various turbine-inlet temperatures and turbine
efficiencies.
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