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TURBOJET ENGINE WITH AN ATR-COOLED TURBINE

By Reeves P. Cochran and Robert P. Dengler

SUMMARY

An experimental investigaetion was conducted to determine the effect
on engine performance of bleeding sir from the discharge of a l2-stage
axial-flow compressor to cool the turbine rotor blades of a turbojet en-
gine. A current production model of the engine was modifled for this
investigation by the substitution of a split-disk turbine rotor with
air-cooled corrugated-insert rotor blades for the standsrd rotor and by
the addition of a compressor-discharge-bleed cooling-azlr supply system.
The rotor blades were untwisted with an essentially comstant chord and .
were febricated 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-fiow ratios from zero to 0.05
with an open Jjet nozzle. At a constant engine speed of 7000 rpm (approx-
imate crulsing speed, 88 percent of rated), a range of Jjet nozzle areas
was lnvestigated. 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 accompanylng 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 e given turbine-inlet temperature ratio,
increasing the coolant-flow ratio would cause a decrease in specific
thrust and an increese in thrust specific fuel consumption. Analytical
calculations showed that these losses due to cooling would decresse as
turbine-inlet temperature and turbine efficiency increased.
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Low turbine efficlencles over the entlire speed range resulted in
high turbine-inlet temperstures, poor starting, and low-speed acceler-
ating characteristics; however, response to the controls from sbout
4500 to rated rpm was fair. Average blade temperatures measured dur-
ing the investigation indicated that the noncritical corrugated-ilnsert
blade could be operated at 7000 rpm with a coolant flow ratio of
0.0l and turbine-inlet temperature of 1868° R and have a safety factor
of 2.3,

INTRODUCTION

One of the factors affecting the desirabllity of utlilizing turbine
cooling Iin turbojet engines to permit gpersiion at higher turbine-inlet
temperatures or to permlt operation with noncritical turbine meterials
1s the effect on the englne performance of bleedling 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 asre cobtainable by permitting operation at in-
creased turbine-inlet temperatures and that the incremental change in
prerformance due to cooling losses at these increased temperastures was
generally of small magnitude. In reference 4 a matching study of two
modified-production engines was made which indicated that, if coocling
were added to existing englnes at current temperature levels, the ef-~
fects on engine performance resulting from air cooling can be somewhat
larger than at higher operating temperatwes. In order to provide an
experlmental verlfication 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 statlic sea-level engline 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 temperstures., For thils reason the sir-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, arnd had a coolant-passage configuration
that utilized corrugeted fins to augment the internal heat-transfer sur-
face area. The air-cooled rotar was of the split-disk type.

With the engine modified by substlituting the preceding mentloned
parts for production parts, it was possible to obtain engine performance
data at approximately current turbine-inlet tempersture levels for a
range of engine conditions with cooling alr 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 applicable to alr-cooled engines operating at high
turbine-inlet temperatures, they do provide an approximate check on
anaglytical procedures to determine if present calculation methods for
predlicting ailr-cooled englne performance are adeguate.

This report is concerned with the following:

(1) The magnitude of the varilation in engine performance paramsters
at sea-level statlc condltions as varlous amounts of air were
bled from the compressor discharge for cooling purposes -

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

(3) Scme operational aspects of an englne under conditlons of com-
pressor bleed for turbine cooling.

The engine was operated with a fixed Jet 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 sareas
was investigated. '

APPARATUS

A modified 12-stage axisl-flow compressor englne was used in this
investigation for the determination of the performance characteristics
of a twrbojet 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 coollng-air flow paths and the instrumentation stations is
presented in Ffigwre 1.

Engine Modificetions

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

A 4,0-inch-diameter hole was provided in the center of the downstream
or rear half of the rotor faor introduction of the ccoling 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-sir impeller was formed
between the two halves of the rotor by machining metching radial pas-
sages in both halves of the rotor from a radlus 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
veloclity. These curved vanes were machined from a radius of 3.00 lnches
to a radius of 5.25 inches on the downstream half of the rotor only.

The vanes were of sufficient height to span the axial distance between
the two halves of the rotor between these radii. The open radisl space
between the inducer sectlon and the radial passages provided for some
equalization of the flow distribution end simplified machining procedures.
The two halves of the rotor were bolted together with twenty-four 7/16-
inch body-fit bolts with sufficlent tension to ensure against leakage of
the cooling alr between the two halves of the disk at the rim. The bolts
were buried in the venes of the cooling-air impeller and thus 4id 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 dlsk radius
to minimize machining difficulties.

Turbine stator and rotor blades. - The original serodynamic design
of this ailr-cooled turbine was made for agplication to an earlier model

investigation. This origlnal design and the performance Tresults of a
gscale model operated in cold air are presented in reference 7. On the
basis 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
engline, which was about 8 percent greater than that of the previous
model. The aerodynemic profiles of the stator and rotor blades were
malntained the same as those reported in reference 7. This method of
adapting an existing turblne design for application in a similar engine
was not very satlsfactory as will be discussed in the sectlon Comparison
of Analytical and Experimental Results.

The stator blades for thils design were more twisied than for con-
ventional designs in order to match the nontwisted rotor blades which

- 3458
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are described subseguently. The stator blades were individuslly cast of
a hegt-resistant alloy, Heynes Stellite 21, by a lost-wax casting proc-
ess and vwere assembled inbto production shroud bands to form a welded
nozzle dimsphragm. The same number of stator blades (64) were used in
this nozzle diasphragm as were ugsed 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 configurstion. The
aerodynamlc characteristics of nontwisted-rotor-blade turbines are
evaeluated anelytically in reference 8 and were to be approximately the
same as those of a free-vortex turbilne 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. 8) showed
that this was a promising internasl 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 favorsble
results.

From the results of the preliminery investigations and analyses,
the serodynamic and mechanical designs of the turbine rotor blade were
developed. The cooling-alr-passage configuration consisted of corruge-
tions 0.17 inch in pitch and 0.10 inch in amplitude (see fig. 4) placed
around the ingide perimeter of the blade shell., The inner portion of
the blade was blocked-off by an Insert cepped 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 febricated 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(8) and
SAE 4130 are gbout 96- and 97-percent iron, respectively, and they repre-
sent a large savings of critical materisls used in present-day uncooled
turbine rotor blades.

The blade shell, corrugatlions, insert, and lnsert 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, insert, corrugetions, asnd 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 tralling edges of the outer surface of the blade shell
and, subseguent 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 fThe noncritical biade material 1s
discussed in reference 1l. After brazing, the bulb-root configuration
of the blade base was ground to the finsl contour with a crush-type
grinding wheel. This bulb-root configuration 1s discussed in detail in
reference 5, where it is referred to as a "single-lug" base. It 1s
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 confilguration was chosen for this application because of

the relstive simplicity of machining the mounting slots in the rim of
the rotor. 1In order to alleviate the stress concentration at the Jjume-
tion between the blade base and the blade sheil, & small fillet of
Butectic 16 was puddled around the ledge formed by the top of the inte-
gral fillet in-a menner similar to that discussed 1n reference 1Z.

Excesslive quentities of Nicrobraz present in the shell-to-base
jolnt during the furnace-brazing operastion caused clogging of a consld-
erable number of coplant 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 origilinally been formulated feor this
turbine.

Cooling-alr system, - Provisions were made to supply cocoling sair
to the turbine rotor from either a compressor-discharge bleed-off or
from the laboratory high-pressure alr system (see fig. 1). Air was bled
from the compressor dlscharge by mesns of four existing Z%Minch-diameter
ports located In the compressor rear frame., The alr was routed into a
common line for the purposes of control and measurement and was then
separated into two lines leading to cpposite sides of the tall come.
The supply line for the laborsastory alr Joined the common compressor
bleed line downstream of the bleed-gir control statlon. Control valves
in the two supply lines permitted separate or combined operation of the
two systems or operation with no cooling alr. A standard englne tail
cone was modified to provide for the introduction of the cooling air
through tubes in the tall-cone struts into a supply tube along the
centerline of the tall cone and thence into the 4-inch-diameter hole in
the rear face of the turbine disk (see fig. 3). The cooling-alr-flow
path within the tail cone was essentially the same as that of model C of
reference 13. This tall-cone configuration was shown to be the most ef-
fective of those tested from a pressure-loss stendpoint. The tall-cone
cooling-air tube is centered inside a labyrinth seal on the rear face
of the turbine rotor by mesns of an integral 4-vane "spider" which is
plloted through two sealed bearings mounted on a spindle shaft extendin

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-tempersture
alr from the compressor discharge, i1t was necessary to cool them by clr-
culeting water 1n an snnular chamber around the outer race of the hear-
ings. The basic principles of the mechanicsal design of this teil-cone
cooling-air piping system were the same as those described in reference 6,
except that the forward end of the cooling tube wae attached to the tips
of the spider vanes Instead of free floatling and & braided bellows, be-
lieved to be more flexible than the bellows shown in reference 6, was
utilized.

As a precautionary meassure, the mounting flange for the tall cone
was modified to provide a blow-oubt or rupture section of thin sheet metal
(a.bout 0.040 in. thick) above the tip of the turbine rotor blades in place
of the heavy turbine shroud on the standerd engine (see fig. 3). The
purpose of this blow-out sectlion was to permit the immediate escape of
any rotor blade that failed durling operation, thus reducing the possibili-~
ty of damage to the remasining blades in the rotor.

Instrumentation

In addition to the basic lnstrumentation requlred for normal opera-
tion of an englne, special instrumentation was used to measure quantities
of particular interest to this investligatlon. The engine speed was regu-
lated with the aid of a stroboscoplc tachometer, and a chronometric ta-
chometer was used to accurately measure the engine speed. The fuel flow
to the engine wes measured by means of cellibrated rotameters, and the
engine thrust was measured by & calibrated strain-gage thrust meter.

Pressures and temperatures. - The locations of pressure and tempera-
ture measuring statlions are given in flgure 1, and the distribution of
measurements at these stations 1s shown in flgure 5. The thermocouples
located at statloms 3, 4, and 5 were chromel-alumel while all the other
thermocouples were lron-constantan. Temperatures st stations 1, 2, 4,
and 5 were determined from the arithmetical averages of the thermocouples
distributed clrcumferentially and radielly at these measuring stations.
The thermocouples at the turbine inlet, station 3, were used only for
engine operatlion as they were localed in the burner core and indicated
temperatures that were much higher than the average turbine-inlet tempera-
ture. Because the thermocouples st this stabtlon were lnadequate to obtain
8 representative average measured temperature, the turblne-inlet tempera-
ture was calculasted by the method described in appendix B.

Temperatures were also measured on the turbine robtor blades and the
turbipne disks and in the cooling-air passsages at the base of the blades.
The locations of the blade and cooling-air thermocouples ere shown in-
figure 6. The disk thermocouples were located at 3.0-, 7.0-, 9.5-, 11.4-,
and 13.0-inch redii on both the forward end 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—:anh-
diameter hale along the centerline of the turbine and compresscr shafts
to a s?ip-ring thermocouple pickup on the front of the engine (see

fig. 1).

Pressures were measured with menometers in which mercury, tetra-
bromoethane, alkazine, or water were used as reference fluld depending
upon the magnitude of the pressure. Radlal distrlbutions of total pres-
sure were measured at a number of clrcumferential locations at statlions
1, 2, 4, and 5. In asddition, the radial distribution of static pressure
was measured at station 1.

AMyr flow. - In order to accurately determine the effect of varylng
amounts of compressor bleed-off on the performence of the englne, exten-
slve measurements were made of the main engine air flow and the auxiliery
alr flows at various places on the engine setup. Venturl meters, sharp-
edge orifices, and pitot-statlc tubes were used to obtain these alr-flow
measurements. (Locations of the measuring stations are given in fig. l.)
The symbols ldeutifying each component of the air flow are given in ap-

_ pendix A, and the methods of measuring these components are shown 1in ep-
* pendix B.

Accuracy. - The accuracy of the measurements reported herein is es-
timated to be within the followlng limlits:

Engine speed, Percent . « « « « o« + « « + o ¢ o o o 4« s s 2 4 . 20.5
Fuel flow, percent . . ¢ + ¢ o + o o ¢ & o ¢ v o ¢« o s o o o v s 1
Thrust, percent . « o+ o o « o « s &+ o o o o o o o s o o s 28 & = & 21
Pressure, ine BZ « « o « o o« o o o « o« s s o + o o s s« o« « o« ¥0.10
Alr welght flows, pPercent . o« « + o « o o o & o o & e e e e i1
AMr temperature, OR . « o « o o o &+ « « o o + o o e e e e e e t2
Gas temperatureg, °R . . « . « ¢« « o &+ o + . e e e e 110
PROCEDURE

In thils investigation, when the englne was started, cooling alir for
the turblne was supplied from the laboraiory high-pressure alr system.
After the englne reached an 1dling speed of approximstely 3000 rpm, the
cooling-alr supply was shifted from the laboratory system to compressor
bleed. No attempt was made to start or to shut-down the englne on com-
pressor bleed alr in the present lnvestigation. The engine was operated
at corrected speeds of approximetely 5000, 6000, 7000, snd 7930 rpm wilth
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 varlied from approximetely 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 ome point
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was obtained (coolant-flow ratio of approximately 0.03) because of ex-
cessive turbine-inlet temperatures (well gbove the permissible 1imit 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 1ln appendix A; and the
methods for obtalning the various component welght flows, turbine-inlet
temperature, specific thrust, and thrust specific fuel consumption are
indicated in appendix B.

RESULTS AND DISCUSSION
Effect of Coollng-Air Bleed on Engine Performance over Range of
Englne Speeds with Fixed Jet Nozzle Aresa

A summery of the engine operating conditions covered in this inves-
tigetion is given in teble I. The effects on turblne-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 englne speeds at a fixed Jet nozzle ares of 2.40 square feet are pre-
sented 1n figures 7 to 9.

As shown in table I, zero coolant-flow ratlios were obtailned only at
engine speeds of ghout 6000 and 7000 rpm, and the maximm coolant-flow
ratio at all speeds (except rated speed) was approximstely 0.05. Low
turbine efficiencies (on the order of 74 percent) resulted in excessive
turbine-inlet temperstures which prevented operation over & range of
coolant-flow ratios at rated speed. The curves presented in figure 7
were extrapolated to give & range of coolant-flow ratios from zero to 0.06
as shown by the dashed lines. Because only one coolant-flow ratlio was run
at rated speed (7930 rmp), the curves drawn through this polnt were based
on the general slope of the curves at lower engine speeds.

In figure 7(a) 1s shown the varistion of turbine-inlet temperature
ratio with coolant-flow ratlo under these engine operating conditions.
At a constant coolant-flow ratio, the turbine-inlet temperature level
rose wlth increase in engine speed for the range of speeds shown, but at
speeds lower than sbout 5000 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 lncrease in
temperature is requlred to maintain engine speed with a turbine weilght
flow reduced by the bleeding of cooling air from the compressor and to
pump the additional aemount of cooling alr through the rotor blades. From
figure 7(&) it can be seen that at a corrected engine speed of €963 rpm,
each increase of 0.0l in coolant-flow ratio resulted in spproximately a
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2.4-percent increase Iin the turbine-inlet temperature ratic. Increases
in turblne-inlet tempersture raflo with coclant-flow ratio of the same
order of magnitude occurred at other constant engine Bpeeds from 5000 to

rated. rpm.

Accompanyling the increassed turbine-inlet tetmperature ratlo caused by
bleeding cooling elr from the compressor were changes in specifilic thrust
and thrust specific fuel consumption (TSFC) as shown in figures 7(b) and
(c), respectively, for the same engine operating conditions. The specif-
lc thrust plotted in figure 7(b) was determined by the method described
in sppendix B. As would be expected, the thrust level lncreased 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 ratic for the range of coolant flows covered.

At & coustant engline speed, there was a negligible variation of
compressor-inlet welght flow and compressor pressure ratio with coolant-
flow ratio; therefore, changes in measured specific thrust shown in this
figure are essentlally changes in thrust alone. Thle increase in thrust
is the result of increased veloclty of the gas at the jet nozzle caused
by the bhigher jet nozzle temperature and pressure. The percentage in-
crease in speclfic thrust with each increase of 0.0l in cocolant-flow ratlo
verled from about 1.88 percent at 4877 rpm to sbout 2.44 percent at 6363
rpm. At constant turbine-inlet temperature and constant speed, specific
thrust would decrease wilth increased coolent-flow ratlo. This case will
be discussed in more detall in the section Effects of Turblne Efficlency
and Temperature on Performance,

The thrust specific fuel consumption plotted in figure 7(c) was
determined by the method described in appendix B. At a constant corrected
engine speed with fixed Jet nozzle area, TEFC luocreased linearly with in-
crease in coolant-flow ratlo. The fuel consumption wy Increased to glve
the increased turblne-inlet temperature previously discussed. Although
the thrust also increased wilth the coolant-flow ratlio, the fuel consump-
tion lncreased at a more rapld rate and therefore the thrust specific fuel
consumption increesed. Incresses in TSFC of about 1/2 to 1 percent oc-
curred at speeds between 5000 and 7000 rpm for each lncrease of 0.0l in
coolant-flow ratio.

Effect of Cooling-Air Bleed on Engine Performaunce 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. Thle speed 1s 88

percent of rated speed and is approximately crulsing speed for this en-
gine., In this investigation, it was desired to know the effect on englne
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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 englne coperating conditions, the Jet nozzle area was varled. 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 experlmental operation. The gbsolute values of
the Jjet nozzle ares are of no real significance within themselves, but
they do show the range of operation from the maximum, or open, Jjet nozzle
area (2.40 sq ft) to the minimm area (2.26 sq ft) investigated. This
latter area was the smallest sreas which would permit continuous operation
at meximum coolant-flow ratio (about 0.05) without exceeding the permis-
sible turbine-inlet temperasture limit of about 2060° R (see table I).

The range of coolant-flow ratios presented in table I for the engine
operating conditions investligated was extrapolated to cover a range from
zero to 0.08 by the same wmethod used for figure 7. Felring of curves of
the performence parsmeters 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 varlious Jet nozzle asrees and coolant-
flow ratios and a constant corrected engine speed of 7000 rpm. AL a
constant turbine-inlet tempersature ratio, specific thrust increases as
the Jet nozzle ares is reduced because of higher gas velocltles at the
Jet nozzle. These higher gas velocitlies are the combined effect of re-
duced jet nozzle area snd of reduced coolant flow, which results in a
lower turbine pressure ratlo and therefore a higher pressure at the Jjet
nozzle. Along & line of constant coolant-flow ratio, it can be seen that
the turbine-inlet temperature ratio lncreased to counteract the reduction
in turblne pressure ratio after the Jet nozzle area decreased sufficlently
to take the turbine out of limiting loading. This increase in temperature
due to reduced nozzle area caused the speclflc thrust to rise. At a
constant Jjet nozzle area, the changes in specific thrust and turbine-lnlet
temperature retio are similar to those dlscussed 1n connection with fig-
ures 7(a) and (b).

The changes in corrected thrust specific fuel consumption with
turbine-inlet temperature ratioc for the range of engine operation previ-
ously described are shown in figure B(b). At a constant coolant-flow
ratioc, reduction of Jet nozzle area from the open position (2.40 sq f£t)
resulted in an initial decrease in TSFC with very little change in
turbine-inlet tempersture ratio. These trends in temperature and fuel
consumption indicate that the turbine was probably in a conditlon of
limiting loading with the Jet nozzle open. Further reduction in the Jet
nozzle area gt constant coolent-flow ratio caused an increase in turbine-
inlet temperature ratio with an sccompanying increase in TSFC as would
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normally be expected in this type of englne operation. At a constant
turbine~inlet temperature ratio and decreasing jet nozzle area, the de- -
crease 1n TSFC wlth decreasing coolant-flow ratioc was due to the lncrease

in thrust shown in figure 8(a) for the same conditions. The changes in

TSFC with coolant-flow retio at a constant Jet nozzle area were simllar

to those discussed in comnection with figure 7(c).

Comparison of Analytical and Experimental Results

3458

The results of an analytical matching study to determine the effect
of a compressor-dlscharge bleed-off for turbine cooling on the perform-
ance of an englne simllar to the present experimental engine are reported
in reference 4. A comparison of these results with data from the present
Investlgation was made over a range of ccolant-flow ratlos at an engline
speed. of 6963 rpm and a Jet nozzle ares of 2.40 square feet in an attempt
to check analytical methods of predlcting the performance of an engline
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 certain d&lfferences in the two engines, the main one being -
turbine efficiency, these comparlsons can be treated only as indications
of relatlve effects of cooling on englne performance. For the analytical
calculations, the turbine efficiency was on the order of 79 percent (based
on the cold-air results of ref. 7), whereas an efflclency of only 74 per-
cent was determined in the present Investligation. Changing the stator-
blade setting to permlt higher mess flow (as described previously) re-
sulted in mismatching of the compressor and turblne and possibly moved
the turbine opersting polnt into a region of limiting loading with the
resultant low efficlenciles.

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. Thls clearance was set proportionally higher on the experimental
engine then on the cold-alr scale model (ref. 7) for mechanical reasons
pecause of the range of operating temperatures involved. In addition,
the high operating temperature of the experimental engine caused differ-
entliel expensions which further lncreased this clearance. The effect of
this large clearance space, which permltted the combustion gases to leak
past the turbine, was to reduce the effective turbilne weight flow with a
resultant increase in required turbine-inlet temperature and a decrease
in turbine efficlency.



8S7e

NACA RM ES54L28s 4D 13

The effects of reduced turbline weight flow and low turbine efficlency
can be seen from the equation for total turbine work:

r-r
oy = wnyepTy |1 - (pg/p3) (1)

Equation (1) shows that to maintain a given value of total turbine work
OH; , when the turbine welght flow wz and turbine efficiency 4 y 8re

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

increase in temperature required %o compensate for the low turbine effi-
ciency and reduced turblne 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 & difference 1n the Jevel of the absolute values of the temperature
ratios, 1t can be seen that the relabtive effect of cooling on the tempersa-
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 anslytical
case on the simlilar engine {see fig. 9(b)). However, the relative effect
of coaling on specific thrust is very similar for ithe two cases.

A comparison between the experimentael and analytical vealues of thrust
specific fuel consumption on the two simllar engines 1s shown in fligure
s}fi) . The levels of the sbsolute values of TSFC are also different be-
cause of the difference in turbline-inlet temperature levels. Comparison
of the relative effects of cooling on TSFC for the two cases shows that
cooling czused a slightly greater lncrease in TSFC for the analytical
case.

In general, all the compeaxisons In figure 9 show that the measured
relative effects of cooling on englne performance agree ln trend with
those predicted eanalytically. The dlfferences in the sbsolute values of
the performance parameters shown in this figure are due to difference in
metching characteristics of the two engines.

Effects of Turbine Efficlency and Temperature on Performance

The experimental results presented herein have shown how varistions
in compressor-discharge bleed-off for turbine cooling affect the perform-
ance of one pearticular engine with the component efficiencies and turblne-
inlet temperature range experienced during the experiment. Poor component
matching and low turblne efficiency in the engine lnvestligeted resulted in
relatively high thrust speciflc fuel consumption and high specific thrust
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values for the range of engine speeds and turblne-inlet temperatures
covered. Becaude the turhine efficlency and the turblne-inlet tempera-
ture level were much lower in the experimental engine than would prcobably
be utilized in & fubture engine designed for air cooling, the performance
variations experienced wlth thls engine due to turbine cooling cannot be
readlily used in their present form to predict the operation that would

be obtained with s hlgh-tempersture, high-performance engine. The per-
formance vaxlatlons presented herein are much inferior to what could be
expected of this latter engine. In order to 1llustrate thils, anslytical
comparisons are presented in figure 10 to show the separate effect of
turbine-inlet temperature level and turbine efficiency level on the per-
formence varliations resulting from cooling of the turbine with compressor-
discharge bleed-off. In this analytlcal comparison, the compressor opera-
tion 1s fixed at the point corresponding to zero coolant flow at 7000 rpm
with the experimental engine.

From & desligner’s point of view, an engine will probably be designed
for a specified turbine-inlet temperature, and the compressor and turbine
wlll be matched for operation at this temperature for a given quantlity of
compressor bleed-off for turbine cooling. For this reasson figure 10 1s
presented for the case where turbline-inlet temperature does not vaxry wlth
coolant-flow ratioc. The curves show the effect of design coolant-flow
ratio on englne performance, relative ‘to the case with no cooling alr.
The calculations for this asnalysis were mede by the method detailed in
reference l4. 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 englne with zero cooclent-flow ratioc at 7000
rpm, and the second was 2500° R, which is representative of the proposed
temperature levels of future engines where turbine cooling wlll be a
necessity. In combination wlith the specified temperatures, turbine ef-
ficlencles of 74 percent, the effliclency of the present turbine, and 85
percent, a value representative of good current and future engine deslgn,
were used.

It cen be seen from the results of theege calculatlons plotted in
figure 10 that, with a constant turbine-inlet temperature of 1760° R,
each percent of cooling caused a decrease of sbout 0.02 and 0.03 in
specific-thrust ratio for turbine efficiencies of 85 and 74 percent, re-
spectlvely, and lncreases of about 0.0l and 0.025 in thrust-specific-fuel-
consumptlion ratio for the same two cases. The better performance of a
high-effliclency turbine is obvious.

If the turbine-inlet temperature level were raised to 2500° R, 1t
can be seen from flgure 10 that for both efficlency 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 is much less pronounced at this tempera-
ture than at the low-temperature level. It is cbvious from these com-
parisons that the engine performance of this investigation would be much

W
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improved if mismstching of components had not caused such low turbine
efficiencies. By referring to the trends in the values of relative per-
formance parameters shown in flgure 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 1in performance. ILow
efficlency caused greater losses in specific thrust and higher TSFC,
while higher temperastures resulted in lower specific-thrust losses and
lower TSFC. From the comparison of the analytical and experimentel data
plotted in figure 9, 1t 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 alr bled from the compres-
sor 1s a relatively new fleld, 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 1ts operating characteristics
would not be necessarily representative of an engine whilech 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, amcunts 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 acceleratlon 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 standasrd 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 sbout 7500
rpm, although the engine temperature levels were much higher than the
design value dve to low turblne efficiencles over the entlire speed range.

The turbine rotor blades, which were fabricated of noncritical ma-
terisls consisting of sbout 96-percent iron, were operated for a total
of about 52 hours (of which the operations tabulated in teble 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 temperstures from 1511° to 2314° R (1051° to 1854° F) were en-
countered. The meximum 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 sufficlent 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 turblne-inlet
temperatures from 1761° to 2039° R (1301° to 1579° F) were encountered.
Visual inspection of the nomeritical rotor blades at the completion of
52 hours of operation showed no evidence of elongation, dilstortionmn,
surfaece erosion, cracking, or other physical failure, Some of the
chemically deposited nickel coating and puddled-on fillets at the shell-
to-base Joint were lost during operation, but apparently with noc adverse
effect to the blades.

As has been mentioned in the APPARATUS section, errant braze ma-
terial caused severe blockage of the caoling passages in these blades,
and efforts to remove this material were only partially successful. As
a result of this obstruction fto 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 rotar blades during this investigation do not

reveal the true merits of the cooling cheracteristics of this type of
blade configuration. These temperatures will be presented herein, how-
ever, to glve the general range of blade temperetures cbtained and to
1llustrate the effect of coollng on blade temperaturee 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 varlation of measured average turbilne 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-sir passage blockage, only general bands of blade tempera-
ture at variocus coolant-flow ratios are indicated. The line of limilting
permissible turbine-inlet temperature ratio (about 3. ssg shown on the
figure represents the turbilne-~inlet temperafure af 2060° R previously
described as the limit set for continmuocus engine operation. This limit
was determined by parts of the engine other than the turbine rotor _
blades. The line lsbeled “stress ratlo factor, 2.3" at a blade temper-
ature level of 1120° F was the limiting operating temperature set for
the air-coocled 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 sbsence of more de-
tailed design data as a tentative design criterion for ailr-cooled shell-
supported blades made of Timken 17- ZZA(S) Other nmaterials 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 ares 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 englne 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 jet nozzle sreas less than 2.26
square Teet 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 investligation.

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. TFor the range of engine operating conditions shown,
the average blade tempersture varied Prom sbout 1100° to 1150° F with
no coolant to about 900° F at a coolant-flow ratio of 0.05. However,
this increasse in coolant-flow ratio is accompanied by a rise 1n twrbine-
inlet temperature retio from sbout 3.4 to sbout 3.85 (temperature in-
creases on the order of 250° F). If the band for a coolant-flow ratio
of 0.01 were extrapolated to the limiting blzde temperature line (stress-
ratio factor of 2.3), it can be seen that opersations at turbine-inlet
temperature ratios up to about 3.6 (approximately 1868° R) would be per-
missible. Similar extrapolations at higher coolent-flow ratios which
would permilt higher turbine-inlet tempersture ratios could be made, but
the accuracy of the values cobtalned would be questionable without more
operating dasta 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 1258° R (799° F) at the rim for
e coolant-flow ratioc 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 rabtio of 0.0489 to temperatures on the
order of 1080° R (600° F) at very low coolant-flow ratios. This in-
crease of cooling-sir temperature with decrease 1n cooclant-flow
ratio is due to the heat sdded to the cooling air during the passage
through the tail-cone struts, ailr suwply tubes, and rotor impeller. In
engines originally designed for turbine cooling, methods of imtroducing
air to the turbine which do not use the high-tempersture 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 alr was bled from the compressor discharge rather than some

other location on the compressor of this engine as a matter of conven-
lence because bleed-off facllities existed at this point on this engine.
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Reference 3 polnts out that, if permissible from the sgtandpoint of
cooling-air pressure, it 1s desirable to bleed off cooling slr 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 aeddition to these advantuages,
the resulting lower cooling-air temperatures would reduce the required
amount of bleed-off Tor cooling purposes.

The nature of the present provisicnal compressor bleed-off system
was such that unduly large pressure drops in the cooling alr were en-
countered. Comparlson of the pressures at the compressor dlscharge and
at the entrance tc the rotor hub for the maximum coolant-flow raiilos
(tabulated in tsble I) will show the magnitude of these pressure drops
at various engine speeds. Proper attention at the initial design of an
alr-cooled engine should greatly reduce these pressure drops. With such
e design, higher coolant-flow ratlios than those cobtalped 1n this inves-
tilgation would be pomsible, or for the same range of coolant-flow rsatios,
the cooling-air supply could be bled from an earlier stage on the com-
pressor. The losses 1n performance due to coolling that were measured

"in this engine were higher than necessary because of the high internal
pressure losses of the cooling system and because compressor-dlscharge
bleed~off reguired throttling losses 1n order to control the quantity
of coolant flow.

SUMMARY OF RESULTS

The followlng results were obtalned 1in an investigation of the per-
formence of an axlal-flow-compressor turbojet engine equipped with a
“split-disk turbine rotor using air-cooled corrugated-insert rotor blades
and provided with g cooling-alr supply from a compressor-discharge
bleed:

1. At a constent 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 coclant-flow ratio. The percentege
increases in these three parsmeters 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 coclant flow.

2. Comparisons of the measured (experimental) values of performance
parsmeters 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 similasr,
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3. Anaelytical calculations showed that, when an engine designed
for alr cooling is operated at fixed compressdr conditions, a constant
turbine-inlet temperature of 1760° R, and a constant turbine efficlency
of 74 percent, each percent of cooling air bled from the compressor dis-
charge will cause about a 3-percent decrease in specifie 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 decresse in
specific thrust and sbout a l-percent increase in thrust specific fuel
consumption. By increasing the twbine-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 consumptlion remaining essentially constant.

4. Due to low turblne 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 investigeted
were higher than the design values.

5. The noncritical twbine 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 et 7000 rpm with a coolant-
flow ratio of 0.01 and a turbine-inlet tempersture of 1868° R (1408° 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:

area, sq ft
gpecific heat at constant pressure
thrust, 1b
fuel-air ratio -
standard gravitational aq;eleration,_ft/segz
lover hesting valus of fuel at 600° R, Btu/lo
total turbine_work,_Btu/sec
hydrogen~carbon ratio
enthalpy, Btu/lb
Mach nunber
rotational speed, rpm
pressure, in. Hg abs 3
gas constant, f£t-1b/(°R)(1b)
temperature, SF or °Rr
weight flow,.lb/sec
fuel weight £low, 1b/hr or 1b/sec
ratlio of specific ‘heats
pressure correction ratio, p'/pé

efficiency

2y
temperature correction ratio, Iz: L
| («r+1

gRT"*

gRﬂ
0]
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Subscripts:

b burner

T fuel

i indicated

t turbine

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

1 to 15

used with engine performance parameters

measuring stations (see fig. 1)

Superscript:

1

indicates total conditions

21
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CALCULATICN PROCEDURE FCOR DETERMINATION CF WEIGHT FLOW,

TEMPERATURE , AND ENGINE PARAMETERS

Calculation of Component Weight Flows

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

Quantity Source Pufpdse Method of messuring
Vo Test~cell fuel 1lnes |Fuel supply Calibrated rotameter
Wo Wi, O Wiz Turbine rotor and Instrument rake

blade cooling
Vg Com@ressor_sth stage |Forwerd-rotor-face Sharp-edge orifice
cooling
Vg Compressor_lzth stage |Compressor balance [Pltob-statlc tube
Y10 Compreesor rear frame |Overboard vent for Sharp-edge orifice
compressor rear seal
AR Compressor discharge [Rear-rotor-face Sharp-edge orifice
cooling
Yo Compressor;discharge Turbine rotor and Venturi
blade cooling -
Wiz (Laboratory high- Turbline rotor and Sharp-edge orlfice
pressure alr supply |blade cooling
W Test-cell leakage Calibreted over a
14
range of cell-to-
ambient pressure
differences
Wys |Test-cell alr intake Venturi

Englne alir supply

—r* T

T —

e e

Compressor-inlet weight flow wq. - Compressor-inlet welght flow

was calculsted by two methods.
component weight flows:

The first method was a summation of
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W, =W

1 W, Wy FW (B1)

15 14 9 1o

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 gpprecisbly affect the total quantity wy.

The second method was based on temperatures and pressures measured at
station 1:

18
W1 = Py fer (B2)
1

where Ml waes obtalned from teble 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. - Turblne-inlet weight flow was
calculated by a sumetion of component weight flow as follows:

W3 = 'Wls + W14 + Wf - Ws - Wll - le (33)

The fuel-sir ratio at the turbine 1nlet was determined as follows:
(B4)
(&) 3 - 'Wf

Temperature Determinetion

Correction to measwed temperstures. - All temperatures were meas-
ured by means of thermocouples. TIn order to account for the recovery
factor of the thermocouples, a calibration of the thermocouples was
made In a free Jjet 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)/Ti) of the thermocouple
was developed from this calibration, and 211 measured temperatures were
corrected according to this relation to obtaln a corrected measured
temperature.
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Calculated turbine-inlet temperature. - Because 1t was impractical
to make a reasonsble measurement of the average turbine-inlet tempera-
ture, this quantity was calculated from the method sef forth in refer-
ence 17. Equation (8) of this reference, when rewritten in the nomen-

clature of this report, 1s . . — —s

H+nh

P
® [+

+

o he

[nv]

hz = (B5)

1+

ul L

where H = 15,935 + 15,800(H/C) from reference 17 and H/C = 0.163 for
the fuel used. The burner efficlency m, was assumed to be 0.98, and

the value of hp was considered negligible. TFrom this value of h=,
the turbine-inlet temperature Té cen be determined from chert IT of
reference 17.

Engine Performance Parameters

Corrected specific thrust. - Corrected specific thrust 1s defined
as F/“lﬂfgi' The thrust F was measuwred by e 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. 1)
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 raunge of engine thrust and cell-to-muffler
pressure differences. The indicsted 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 atross the jet nozzle was not as grest as would
occur Iln an englne -operating in free air. This decrease in thrust was
accounted for by adding to the indlcated thrust the product of the
tall-pipe area and the pressure difference, . .The lndlcated thrust with
the two aforementioned thrust corrections ylelds the measured thrust
of the engine. Only the second of the two thrust corrections mentloned
was necessary to carrect the cglculated 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 conditlons, were used to determine values of
specific thrust for the present report.

Corrected thrust specifuc fuel consumption. - Corrected thrust
speciflc fuel consumptlon is defined as wr/F;VGl. The fuel consumptlion

89?2}



3458

CU-4

NACA RM E541.28a L 25

wp, as measured by a callbrated rotameter, was corrected to standard
sea-level conditions wg/8;4/6;. The corrected measured thrust F/8;,

as determined in the preceding section, was used in conjunction with the
corrected fuel cons tion to determine the corrected thrust specifiec

fuel consumption Ve F/\/Gl.
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TABLE I. - SUMMARY OF ERGINE OPERATING CONDITIONS
gerles |Engine{ Compreascs| Compressor-|Compreason-|Conpresson{Comprassor-|Caleculated| Fuel |Jet Measured |Coolant- |Cooling-
speed,|inlet to- |inlet to- |inlet alr |discharge |discherge |[turbine- |flow,|oozele |thruat, |flow alr to-
N, [tsl tem~ |tal pres- [flow, total tem- [total inlet %o- | wp, |aves, P, ratio, [tal pres-
o |peraturs, |siure, s peratuve, [pressure, |tal tenm- lb/ Ag, 1b VT/"l dure at
Ti’ ?{, 1b/sec Té , pé ’ [perature, | see | gq £t turbine
T, rotor hub,
OR in. Hg 8bs in. Hg abse ) P'};
R in. Hg &bs
A 4840 509 29.34 50.088 866 64.22 1615 0.64 | 2.40 1309 | 0.0501 38,89
4826 508 28.34 50.48 668 64.03 1572 61 1289 03596 52.99
4840 509 29.34 50,66 668 Bh.4d 1538 .08 1239 L0270 | 29.40
B 5882 502 29.38 75,15 742 96.49 1600 .86 2599 +0480 50.18
5887 503 29,35 74.21 743 94.96 1582 84 2523 L0377 41.08
5883 503 29.35 74.50 T44 95.57 1867 .82 2480 .0z81 35,0L
5884 BO3 29.38 4.7 144 95.85 1530 .B0 2450 0193 Z1.08
5978 515 29.10 75.30 765 95.58 1511 .78 2287 0 | =mmem
c 8544 516 28.89 89,38 838 124,29 1959 1.358 4258 0492 63.94
6832 513 23.07 90.48 ass 124 .44 1929 1.55 4232 0439 £4.23
8889 506 29.22 Bl1.s7 BaL 126.61 1915 1.3 4514 .0493 B5.65
8929 E13 29.08 9¢.50 831 125,02 1893 1.33 4147 .0394 52.87
8929 514 29.07 80.49 B35 124,76 1845 1.28 4034 0307 4.4
8927 513 28.07 50.39 834 124,70 1822 (1.5 3976 0237 39.22
6928 53 28,07 90,38 B35 124.68 1800 1.23 3926 0170 35.94
697L 520 28.98 89,09 845 124,55 1761 1.15 Y 5720 0 ———
D 8941 520 28.88 80,18 B44 125.98 1965 1.40 | 2.32 4381 0493 84,99
8938 519 28.89 50.43 BAS 128,12 1921 |1.36 4262 0588 5L.95
6947 520 28.88 90.25 B435 128,28 1880 (1.3l 4178 .0298 43.21,
6958 520 28.87 88.86 842 125,88 1840 1.27 r 4073 0190 37.22
E 68944 519 £8.88 81,86 848 127.62 2039 1.49 | 2.28 4803 0502 65.98
6943 519 28.88 89,97 847 126.81 1985 1.43 4459 <0385 52.68
8938 520 28.88 80.28 845 127.38 1922 1.37 4315 .0286 43,00
6938 518 28.87 90,19 846 127.77 1838 1.33 f 4278 .0195 39.12
r 7836 506 28.15 103,1 880 154,05 2314 2.10 | 2.40 6082 03514 51..87
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Station Description
1 Compresaor inlet
2 Comgreasor dischargs
3 Turbine inlet
4 Turbine diacharge
5 Tail pipe
6 Jet nozzle
T Cooling alr entering rotor
8 Compressor eighth-stage bleed {cooling air
for forward face of turbins)
g Compregsor balance air
fle} {owpressor overboard bleed
11 Compressor-dischargs bleed (cooling air for
rear face of turbina)
@__ 15 12 Compressor-diacharge hlesd for biade cooling air
13 Rxternsl supply for blade cooling alr
14 Test-cell leakage
15 Tmgt-cell air inlet

Quantities measured

», p',

P: ',
P, 43,

s P,
3, 4Ap,

P &p, T

P, Ap, T
D, 4Ap,
P, 4D
D, Ap,

T1

i
!

i
T
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iyt by iy

Exbaust mffler
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Figure 1. - Schematic diegram of production-model axial-flow-compressor turbojet engine
modifisd for turbine cooling with compressor-ischiarge blsed-off showing measuring
statlons and piping layout.
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P{lot-besring N

Indncer vans Radle) passage

(a) Interior view of rear half.

(o) Exterior view (rear face) of assembled rotar.

Figure 2. - Bplit-disk alr-cooled turbine rotor for modified-production~-model axlal-flow-
compresser turbojet engine.
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Compressar-discharge
aelr for rear-rotor-

face cooling—~\ Blade cooling
alr

0%

< Labyrinth
seal
Metal removed
to telance
otresses in
front end
rear diska—\
—f—-- - -

L

Turbine-blades

blow-out sectlom-—

Afr-coclsd Blade cooling
corrugated-insert air
turbine rotor hlade

Figurs 3. - Modified tail cops showing cooling-air entry for 8plit~typs air-cooled
turbine rotar.
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{a) Tip view.

Trailing edge

i c-351

(b) gide view (pressure surface).

Figure 4. - Air-cooled corrugated-insert turbine rotor blade for modified engine.
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RGHC

(a) Compressor iniet, station 1. _ .. (b) Compressor discherge, station 2.

Total pressure
8tatic pressure
Temperature

epno

{e) Tail pipe, station 5.

Figure 5. - Temperature and pressure surveys installed et measuring stations in engine.
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Flgure 6. - Locatlion of thermocouples for rotor-blede temperature
distribution.
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Turbine-inlet temperature ratio, T."S/Ti.

4.8

3.6

3.2

i NACA RM ES4L28a

8S7s

N

Average corrected
engine speed, N/:\/el,
rom .

7931 L —
—

6963 at—""

5976 | e S

4877

1
\

0 0L .02 .03 Ot .05 .06

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. :
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Corrected specifie thrust, F/"l“/"’l’ 1b-sec/1b

64

60

56

52

40

Ja
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—
[ 1 ] L~
Average corrected L
engine speed, K/,\/Gl, T
rrm et —
L - ¢
7931 .~
-
T
|, —
-
e
|5~
e
6963 ‘r//
=
,DJ/)_
5976 -
D/
e
b——
/
- amanll
4B77L —lo—T T
0 .01 .02 .03 .04 .05 .06 07

Coolant-flow ratio, w,/w,

(b) Corrected specific thrust.

Figure 7. - Continued.
flow ratio over renge of corrected engine speeds at jet nozzle aree

of 2.40 square feet.

Variation of engine performance with coolant-
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Corrected thrust specific fuel consumption, we/F4/87, 1b/lb-hr

NACA RM E54I1.28sa

Average corrected N
engine speed, N/'\/al,
1. s gg
4877 b —t -T
. i I a—— "I-_ —--T-——-—-_
1.7
1.8
1.
1.4 -
1.3
7931 | _1 — ]
o= 7 _
%- — + — 5976 —_
o
1 I o
”/
6963 A b [~
] 2
I e, ey
1.1
) oL .02 .03 .04 .05 .06
Coolant-flow ratio, w7/wl
(¢) Corrected thrust specific fuel consumption.
Figure 7. - Concluded. Variation of engine performance with cocolant-flow "

ratio over range of corrected engine speeds at Jjet nozzle ares of 2.40
square feet.
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Jet nozzle ;;ea, Aé,
sq £t
52 .26
4 2.32
50
o
<
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S
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=
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g e
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(2]
@
& 44 // //r
'g 02
g /
; VA
3 /‘ .01
42 174
0
Coolant-flow ratio,
wp /ey
» ||
3.2 3.4 3.6 3.8 4.0

Turbine-inlet temperature ratio, T§/T{

(a) Corrected specific thrust.

Figure 8. - Variation of engine performance with
turblne-inlet temperature ratio at corrected
englne speed of 7000 rpm for renges of coolant-
flow ratlios and Jjet nozzle aress.
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Corrected thrust specific fuel comsumption, wf/F 4/-9_1-, 1b/1b-hr

SN NACA RM E54128a

Jet nozzle area, Ag, ——
aq ft
1.18! '052.4&
.05
/‘ i gz.sz /2.25
1.16 RV // d
‘ p ’—/
dBerd
1.1 / Pa
0z L( /
-
Coolant-flow
ratio, /01
g v E —
O(
=
|\
1. = - -
3.3 3.4 3.5 3.6 3.7 - 3.8 3.9 £.0

Turbine-inlet temperature ratio, Té/’I'i

(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 coolent-flow ratios and
Jet nozzle areas.
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(b) Corrected specific thrust.
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Coolent-flow ratio, w_?/wl

{c) Corrected thrust specific fuel consumption.

Figure 9. - Comparison of analyticel and messured veristions in engine per-

formence perameters with coolant-flow ratio &t corrected engine speed of

6963 rpm end Jet nozzle area of 2.40 square feet.

39



40

Relative corrected thrust epecific fuel

Relative corrected specific thrust,
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(b) Thrust specific fuel comsumption.

Figure 10. - Analytical predictiona of alr-cocled engine
performance at corrected engine speed of 7000 rpm and
various turbine-inlet temperatures and turbine
efficiencles.
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Average turbine rotor-blade temperasture, °p

1200 i
Coolant-flow |
Ll
RO v7/Hl _Btress-ratio
/ factor, 2.3
1100 |
1000 ‘é% <>
.o‘z%
i
L %
900 §_4§‘:
1
Limiting permiselble twrbine-
inlet temperature r&tio-\\\\\
acg L]
3.3 3.4 3.5 5.6 3.7 3.8 3.9

' 3458

Turbine-inlet temperature ratio, T4/T{

4.0

Figure 11. - Varlation of average turbine rotor-blade temperature with turbine-inlet
temperature ratio for range of coolant-flow ratios at 7000 rpm.
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