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NATIONAL, ADVISORY COMMITTEE FOR ABRONAUTICS

RESEARCH MEMORANDUM

COOLING PERFORMANCE AND STRUCTURAL: RELTABIT.ITY OF A MODIFIED
CORRUGATED-INSERT AIR-COOLED TURBINE BLADE WITH

AN INTEGRALLY CAST SHELI. AND BASE

By John C. Freche and Eugene F. Schum

SUMMARY

An investigation was conducted in a turbojet englne modifled for
alr-cooling to evaluate g light air-cooled blade with augmented Internal
heat-transfer surface area snd an integrslly cast shell and base, This
blade, which has 0.050-inch corrugations brazed to the shell and to an
1sland in the base, Welghs approxlmately the same as conventionsal
corrugated-insert blades wlth sheet-metal shells.

Heat-transfer deta at rated engine conditions indicated a fairly
uniform temperature distribution at the critical 1/5 -gpen section. At =
coolant-flow ratio of 0.01l35, the meximum tempersture reductlon of this
spanwise location from effective gas temperature (1462° F) was 282° for
g blade cooling-air inlet temperature of 248° F. Because of reduced flow

area, the coolling-alr pressure drop of the blade was 2 to 2% times that

of a conventional corrugated-insert blade with the same size corrugations.
This pressure drop does not sppeesr excessive compared wlth the pressure
difference available when cooling air is supplied from compressor bleed.

Three HS-31 modified corrugeted-insert blades were endurance-operated
without faillure for 18, 3L, and 36 hours at a 1/3-span temperature of
1375° F and stress of 28,700 psl. Inlet gas temperatures ranged from
1600° to 1670° F and coolant-flow ratios from 0.0064 to zero. A fourth
blade (HS-21) failed after 15 hours at the 1/5 span, fallure probably
being initiated at a surfece Instrumentatlon slot. Celculations indicate
that a coolant-flow ratio of approximstely 0.036 is required to malntain
an average l/S-span shell temperature of 1375° F in the application of
this type blade to a turbojet engine at a Mach number of 2, an eltitudedt
50,000 feet, and an inlet gas temperature of 2500° F. If local tempera-
tures greatly exceed the average temperature specified, larger coolant-
flow ratios wmay be required.
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INTRODUCTION

Air-cooled turbine rotor blades have been under investigation at the
NACA Lewls laborstory for several years. The results of cooling and of
endurance investigations of various shell-gupported and strut-supported
air-cooled blades are summarized in references 1 to 6. The shell-supported
blades were generally Lightweight and ususally consisted of three main
components: a cast base, a formed hollow shell, and tubes or fins Inserted
into the hollow shell to incresse the coolant heat-transfer surface area.
These components were brazed together.

In order to provide an alternate method of manufecture, a completely
cast blade in which large numbers of small coolant passages were cast
near the surface of the sirfoil was developed (ref. 7). This method of
ther brazed joint between blade shell and blade base. British investigators
experimented with cast and sintered blades (refs. 8 and 9, respectively)
and with fully forged blades having simllsr cooling configurstions
(ref. 10). Local stress concentrations due to thermal gradients be-
tween the coolant passages and the blade surface may be a problem with
this type of blade. An additional undesirable feature of this blade is
its relatively high weight, which can be reduced by making the tip section
hollow, as described in reference 7.

Another method of reducing blade weight while utillizing an integral
shel]l and base casting was evolved and resulted in the modified
corrugaeted-ingsert blade reported herein. In this modified corrugated-
Insert blade the cooling sirflow is confined to the coolant passages formed
by the inner walls of the blade shell and corrugetions brazed to the
shell. The sheet-metal ingert, which usually (in a conventional
corrugated-insert blade) is brazed to the inner surface of the corrugations
to permit cooling airflow past both gldes of the corrugations, 1s omltted.
As a result, this blade has half the free flow area for the coolant that
a conventional corrugated-insert blade has. Heat-trangfer theory indicated
that the modified corrugated-insert blade could not be cooled as effective-
ly as the conventional corrugated-insert blade. Because of its smaller
number of blade components, which in turn might serve to simplify blade
fabrication, 1t was considered desirable to obtain heat-transfer and en-
durance data with the modified corrugated-insert blade. Furthermore,
the structural relisbillity results obtained may be applied (for the same
blade shell temperature) to a similarly cest integrsl shell and base
blade with a conventional corrugation installation.

The investigation described herein was of an exploratory nasture,
designed to show whether or not the modifiled corrugated-insert blade war-
ranted further development. Consequently, as a means of simplification
the teste were limited to a few (four) blades and current gas temperature
levels. This report presents (1) experimental cooling results, (2) ver-
ification of a method of calculating blade temperature, and (SS structurael
reliability results.
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The modified corrugated-insert turbine blades were operated at sea-
level ambient conditions in a turbojet engine sltered to accommodate two
glr-cooled blades. Heat-transfer data were obitained over a range of
cooling-alr flows at constant engine speeds of 10,000 and 11,500 rpm
(rated speed). The range of ges-to-blade Reynolds numbers (based on £ilm
temperature and a nondimensional term, perimeter divided by =) at the
rotor blade inlet was 183,500 to 217,000. Coclant- to gas-flow ratios
ranged from 0.0023 to 0.0166. Structural relisbility tests were made at
rated englne speed (l/S-span centrifugal stress of 27,770 and 28,700 psi,
depending on blade material) and inlet ges temperatures of 1870° and
1600°.F, with corresponding coolant-flow ratios of 0.0064 and zero,
respectively.

APPARATUS AND INSTRUMENTATION
Air-Cooled Turbine Blades

The air-cooled blades investigated had a span and chord of approxi-
metely 4 and 2 inches, respectively, and were twisted from root to tip.
Sections through the blade are shown in figure 1. The blade shell was
cast integrally with the base. High-temperature alloys with good casting
properties were chosen. One blede was cast from HS-21 slloy and three
were cast from HS-31 (X-40) alloy. The shell was cast with a taper,
belng 0.020 inch thick at the tip and 0.070 inch thick at the root. To
provide additional structurael rigidity, an island (see fig. 1) was cast
integrally with the blade base. This island extended upward from the
base approximately 3/8 inch into the hollow blade shell.

Each row of corrugations (A-286 material of approximetely 0.050-
in. piteh, 0.050-in. emplitude, and 0.005~in. thickness) was inserted from
the blade tip and was brazed to one slde of the blade as well as to the
island. The corrugetions extended approximately 1/16 inch below the blade
bage platform. The openings between corrugation and island were inten-
tionslly blocked (see fig. 1)}. At the leading and trailing edges the two
rows of corrugetions extended beyond the front and beck edges of the
island. In these regions the space between the two corrugation rows was
filled with braze, as shown in section A-A of figure 1. Thus, cooling
air was permitted to flow only through the spaces between the shell and
the corrugations. The blade profille was identical to that of the cast-
cored blade (ref. 7), the same casting dies having been used.

Engine Modifications
The englne modifications are described ln detail in reference 1ll.

For cooled operation, an externsl source (laboratory service air system)
supplied the blaede cooling air, which was ducted through two tubes
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fastened to the rotor rear face and through passages drilled transversely
through the rotor rim beneath the test blades. Two cooled test blades
were located dlemetrically cpposite each other in the rotor, end the rotor
assembly was completed with 52 standasrd uncooled 8-816 blades. Thus, 1t
was possible to investigate two cooled blades slmultaneously. An adjust-
able tallpipe nozzle was provided for the test engine so that the turbine-
inlet temperature could be vearied at a given engine speed.

Blade and Engine Instrumentation

For heat-transfer Iinvestigations two of the test bledes were Iin-
strumented with thermocouples as shown in figure 2. These thermocouples
were buried in the blade shell by the method described in reference 1l2.
Endurance operation waes also lnitiated with these two blades. As the
endurance running progressed, repeated thermocouple fallures were encoun-
tered and the number of thermocouples was reduced. In order to provide
reference temperatures for use in setting the endurance operaeting condi-
tions, thermocouples were installed in the leading edge at epproximately
the root and l/3-span positions; one thermocouple was also provided at
the root midchord suctlon surface. These thermocouples were attached to
the blades by employing a simplified installation technique. The tubes
enclosing the thermocouple leads were strapped to the blade surface rather
then inserted Into grooves in the blade surface, as was the casge for the
heat-transfer test thermocouple instsllation. In all cases the thermo-
couple Junction was embedded lmmediately beneath the blade surface.

Two standard uncooled blades (reference blades) were each provided
with s thermocouple at the leading edge, approximately at the 1/3-span
positlon, to measure the effective gas temperature. The reference blades
were cut off at the Z/S-span position asg shown in figure Z, By reduclng
the centrifugel stress of the reference blades the possibility of early
failure due to metal removel for thermocouple 1lnstallation was reduced,
Engine speed, airflow, fuel flow, cooling airflow and temperature, and
tallplpe ges temperature were all measured as described in reference 1ll.

PROCEDURE
Heat-TPransfer Investigatlon

Blade cooling effectlveness was determined in a menner similsr to
that described in reference 1ll. Blade temperature data were obtained at
engine speeds of 10,000 and 11,500 rpm (rated) and at effective gas tem-
peratures (reference blade temperature) of 1130° and 1462° F. Coolant-
to-gas flow ratio (hereinafter called coolant=flow ratio) was varied at
each engine speed over asg wide & range as the experimental 1lnstallation
permltted. The coolant-flow-ratio range extended from 0.0032 to 0.0168

vae¥
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at 10,000 rpm and from 0,0023 to 0.0135 at 11,500 rpm. The blade pressure
drop and the service air supply to the test installatlion limited the
coolant-flow range. The values presented ¢onsider the quantity of coolant
leakage between stationary and rotating perts of the cooling-air system

at the rotor hub as determined by a separate calibratlon as in reference 5.
The hest-trensfer opersting dste sre presented in table T,

Structural-Relisbility Investigation

The structural rellablility of one cest HS-21 snd three cast HS-31
wodified corrugsted-insert blades was determined by englne operation at
rated conditions., The celculated blade root centrifugal stress was 33,100
psi and the L/S—span stress was 28,700 psil for the HS-31 blades, and
slightly lower for the HS-21 blade. The operating conditions are sum-
marized ln teble II. Three of the blades were operated with a coolant-
flow ratio of 00,0064, and one was operated uncooled. During uncooled
operation the average 1/3-span blade temperature wes maintalned equael to
ite value (1375° F) under cooled operating conditions by reducing the
inlet ges temperature slightly. In order to reduce total operating time,
endurance runs were limited to time values that provided reasonebly low
but not the wminimum alloweble- to centrifugel-stress ratioc. This 1s dls-
cussed more fully in e subsequent section.

Blade Pressure-Drop Determination
The mockup sectlion of the turblne rotor instrumented as described
and illustrated in figure 10(a) of reference 13 was used toc obtain the
static-pressure drop through the research blade (shell and base). The
pressure drop was determined for s range of alr weight flows from 0.0022
to 0.0373 pound per second in several increments.
CALCULATIONS
Heat-Transfer Celculations

The average blade shell temperature at the 1/3 span wes calculated
from the following equation (eq. (18) of ref. 14):
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(All symbols are defined in eppendix A.) The local gas-to-blade heat-
transfer coefficients were theoretically determined by the method of

reference 15 snd averaged to obtain the hg used in calculating blade

temperatures. The blade velocity profiles required in this determination
were obtained from streaw-filament theory es described in reference 16.

The effective gas temperature Tg,e for use in equation (1) was

obtained from a correlation of the measured effective gas temperature and
unpublished NACA date by averaging the spenwise effective gas temperaiure
profile previously meassured 1in this engilne.

The effective blade-to-coolant heat-transfer coefflicient hp . was
determined from the following equation, which is ,derived in appendix B:

‘/Ei
hi tanh (L -k._’l.')
be =+ ¥ +m (2)
: i
Y=

and the heat-transfer correlations expressed in figure 2 of reference 17.
In.this reference, in which the coolant properties were evaluated at a
fl1lm temperature, the correlation is given for laminar, transition, and
fully developed turbulent flow. In these calculations the appropriate
flow range was employed depending on the Reynolds number involved. The
celculated average 1/5-span temperatures were then compared with srith-
metically averaged experimental values obtained at the-same stetion over
a range of_coolant-flow ratios.

Stress Calculsations

The controlling blade stress wes consldered to be centrifugsl. Stress

calculations were made for the 1/3-5pan position and were based upon the

shell and corrugation metal cross-sectionel ares. The centrifugal stress
at the root region of the shell was similarly calculated. The supporting
effect of the island on the corrugastions was not considered in the stress
calculstion.

A
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The allowasble blade stress was determined from the average blade
temperature at the l/5-span position and stress-rupture data for the blade
waterials (HS-21 and HS-31). The ratio of allowable to centrifugal stress
was determined for each of the blades investigated for the period of time
accumulated at rated test conditions.

RESULTS AND DISCUSSION
Experimentel Results

Heat transfer. -~ The blade heat-transfer date are given in table I.
Chordwise blade temperature distributions are shown in figure 3 for the
1/3-span position. Figure S(a) shows several typical blade temperature-
distribution curves for the 10,000-rpm runs, and figure 3(b) shows the
temperature-distribution curves for rated engine speed obtained at each
coolant-flow ratio. The effective ges temperature (uncooled s0lid blade
temperature) at the 1/3 span is also included on the figure. Since the
cooling~-air temperetures at the blade inlet vary with coolant-flow ratio,
they cannot conveniently be shown in the figure. These values are listed
in teble I.

At both englne speeds the shape of the temperature-distribution
curves changes markedly with increasing coolant-flow ratio. At the higher
flow retios the curves tend to assume a more conventionel shape, showing
midchord temperstures lower than leading- and trailing-edge temperatures.
Regardless of coolant-flow ratio, however, the blade operated at a
fairly uniform chordwlse temperature at the l/s-span position. At rated
engline speed and a coolant-flow ratico of 0.0135, the maximum temperature
reduction from effective ges temperature was 282° and occurred at the
midchord suctlon surfasce. The blade cooling-alr lnlet temperature for
this condition was 249° F. TInduced thermal siresses caused by chordwise
temperature gradients in this critically stressed region are thus kept
to & minimum. The fairly uniform (meximum difference, 55°) chordwise
temperature dlstribution is probably due to a uniform coolani-flow dis-
tribution brought ebout by the favorable cooling-air entrance configura-
tion in the base (fig. 1) as well as the relstively high blade pressure
drop.

Figure 3 indicates that the 10,000-rpm data were obtalned with =all
the thermocouples intact, whereas the rated-speed temperature-distribution
curveg were falred in st the leadlng-edge region becsuse of fallure of
the leading-edge thermocouple. The fairing did not follow the trends
indicated by the 10,000-rpm date, which showed measured leading-edge tem-
peratures lower than treiling-edge temperatures. Instead, the rated-speed
curves were completed by meking the leading-edge temperature equal to the
trailing-edge temperature. This resulted in a higher average blade tem-
perature; however, the trend is more in keeplng with results obtained with
other cooled blades.
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The nondimensional blade cooling-effectiveness parameter ¢ obtalned
by using the average 1/3-span blade tempersture is plotted against coolant-
flow ratioc for constant engine speed (constant mass flow) in figure 4. All
the heat-transfer runs at both speeds are represented here. As might be
expected, the blade cooling effectliveness increases with increasing
coolant~flow ratio. It also increases with decreasing engine speed, as
a result of the lower ouiside heat-transfer coefficient assoclated wlth
the reduced engine mass flow at the lower engine speed. With these
effectiveness curves 1t is possible to determine the blade temperature
at any coolant-flow ratio for similsr engine mass flows. It is not
advisable, however, to extrapolate these results to gas temperatures many
hundreds of degrees 1n excess of the gas temperature level at which these
data were obtained. '

The blade root temperatures obtained may be seen in teble I. Only

limited instrumentation was applied at this spanwise station, since it
ig not the critical blade section. These temperatures ere of some in-
terest because the blade centrifugsl stress 1s a maximum at the root.
At an epproximate coolant-flow ratio of 0.01L0 the root temperatures are
about 200° below the l/5-span temperatures at rated engine speed, a fact
which tends to compensate for the higher root stress level by providing
improved materiel strength properties.

Calculated and experimental blede temperatures. - Calculated and
experimental 1/3-span average blade temperatures are compared in figure 5
at rated speed and a turbine-inlet ges tempersture of 1670° F. The
coolant~flow-ratio range covered was from 0.0023 to 0.0L35. Deviation of
a line drawn through the plotted polnts from & l-to-1l correlatlon line
is 70°; the maximum devietion of a calculated temperature from an experi-
mental temperature was 130° F, occurring at an experimental temperature
of 1380° F. The data were caslculated esssuming that all cooling-air
leakage was accounted for. The leakage celibratlion cannot be conducted
with the test blade, but requires that a standard uncooled blade be used.
Consequently, inevitable machining differences in the base serrations of
the two blades can cause a sBmall error in the leakage determinetion. This
effect coupled with the possibility of lnaccuracies due 1o i1deallzation
in the heat-transfer theory could account for differences between calcu-
lated and experimental temperatures.

An additionel blade tempersature calculaetion was mede using an average
gas-to-blade heat-transfer coefficient obtained from the correlation of
experimental heat-transfer data for a blade of similar shspe shown in
reference 10. The gesg-to-blade hest-transfer data of the reference agreed
within 15 percent with the coefficients determined by the method of ref-
ence 15. This l5-percent dlfference had only a negligible effect on
calculated blade temperature, about 29 F in 12440 F,

827
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Structural relisbility. ~ Structural-relisbility data are summarized
in teble Ii. One of four blades tested falled at the 1/3 span (centrifugal
stress, 27,770 psi) after approximately 15 hours of engine operation at
rated conditions. About 10 hours of additionsl operation were compiled
with this blade at lower speeds and other coolant-flow ratios during the
heat-trangfer runs. The falled blade was of HS-21 material and 1s shown
in figure 6. It is likely that the instrumentation grooves on the blade
surface contributed to the early blade fallure. Metallurglcal examination
indicated that failure could have been initiated in the leading-edge region
at the location of a slot used for ingtalling the leadling-edge
thermocouple.

The remeining three blades (HS-31 material) were operated without
major blade fallure for spproximately 16, 31, and 36 hours at rated engilne
conditions. Portions of the corrugations near the tip in two of the
blades were thrown clesr during the runs without otherwise damaging the
blades, and the dursbllity tests were continued without 111 effects.

The corrugation loss was due to an unsabisfactory braze between the
corrugations and the shell. During endurance operation with two of these
blades, the coolant-flow ratio was held at 0.0064. Thls 1s gpproxlmately
the minimum velue that can be accurately meintained over extended periods
in the test installation. The average l/5-span blade temperature was
1375° F under these conditions. The third blade was operated at rated
speed uncooled in order to eliminate the need for repeated blade rein-
strumentation, thereby expediting the test. During uncooled operation,
the l/S—span blade temperature was maintained at 1375° F by lowering

the inlet gas temperature to 1600° F.

The ratios of allowasble to centrifugal stress (stress-retio factor)
obtalined are plotted against the operating tilme for each blade in figure 7.
The small arrowe above the Individusl data polnts ln the figure Indicate
whether further operation was possible. The curves were extended (dashed
lines in fig. 7) by calculating the blade stress-ratio factor at various
time intervels up to 100 hours. The extension of these curves shows that
further aepprecieble reductlon in stress-ratio factor could be achieved
only by extensive operation., Since visual inspectlion of the HS-31 blades
showed no sign of Impending fallure, operation was termineted. The
limiting stress~ratio factor was not determined for the HS-31 blades, since
no failure occurred. As for the HS-21 blade, the presence of instrumentsa-
tion slots on the blade surface probably contributed to the eerly fallure,
80 that a true stress-retio factor waes not determined in this case.

Although only a limlted number of blades was investigated, no fail-
ures of the sghell in the highly stressed root reglon were encountered.
These resulte show promise that the 1lntegral shell and base type of con-
struction affords adequate strength for high-centrifugal-stress operation.
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Blade cooling-air pressure drop. - The cooling-air pressure drop
through the blade was obtalned over a range of coolant flows from approxi-
mately 0.003 to 0.036 pound per second. The pressure drop of the modified
corrugated-insert blade is discussed in the following section, where 1t
1s compared with the pressure drop obtained for several other ailr-cooled

blades.

Comparisons with Other Blades

Temperature. - One basis for determining the potential of the modi-
fied corrugated-insert blade is a tempersture comparison of the siress-
supporting member at the critical section wlth other air-cooled configu-
rations. Filgure 8 showe the change in average l/S-span blade temperature
with coolant-flow ratio for the modified corrugated-insert blade, a
conventional corrugated-insert blade (similar to the type described in
ref. 4) with 0.050-inch corrugations, and the cest-cored blade reported
in reference 7. The temperature curveg for the latter two blades were
calculated, that for the conventional corrugated-insert blade by the
method of reference 14 using blade-to-coolant coefflclents obtained as
described in reference 17.

The blade temperature shown for the cast-cored blade represents an
average of the surface- and cenftral-region temperatures, because both
regions help support the blade load (ref. 7). Since the central region
in this type of blade i1s similar to the strut in a strut-supported blade,
its temperature is very low, and the resultant average temperature 1s low.
At a coolant-flow ratio of 0.015, the modlified corrugated-insert blade
temperature is asbout 210°'F (17.5 percent) higher than that of the cast-
cored blade.

The modified 'corrugated-insert blade temperature is also higher than
that of the conventional corrugated-insert blade. For example, at an
0.015 coolent-flow ratio it was 225° F, or 19 percent, higher. These
results might generally be expected because heat-transfer theory indicated
that the conventlonal corrugated-insert blade would cool more effectively
than the modified corrugated-insert blade owlng to its greater heat-
transfer surface area. However, the investigation was primarily conducted
as an exploratory venture for the reasons previously discussed (i.e.,
smaller number of Tlade components, etc) .

Blade welght. - The modified corrugeted-insert blaede weighs slightly
over 0.68 pound. Reference 7 shows that a simple hollow blade for this
engine application weighs 0.66 pound, a conventionsl corrugated-insert
blade 0.68 pound, the cast blade with cooling passages running the entire
blade length (cast-cored blade) 0.82 pound, and the cast-cored blade with
a hollow tip section.0.74 pound. Thus, the modified corrugated-insert
blade configuration is on a par with a conventional codrrugated-insert blade

82y
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and very closely spproaches the hollow blade, whlch may be regarded as a
minimum blade welght. Examinstion of the modified corrugated-insert blade
Indicates that it has only two more structural components than exist in

a hollow blade, namely, the corrugations and the island insert, which are
both extremely light members. Thus, added heat-transfer surface and
structurael stabllity are supplied in this design a2t a minimum cost in
welght., At the same time, the Integral construction of base and shell
avoids dependence upon & brazed joint for carrying the major blade load.

Blade cooling-air pressure drop. - Figure S presents the cooling-
alr pressure drop through the modifled corrugated-insert blade, the cast-
cored blade of reference 7, and a conventional corrugated-insert blade
with 0.050-inch corrugations over a coolant-flow range of approximately
0.003 to 0.050 pound per second. The values shown are average values,
since the pressure drop through individual cooling passages was not
measured, Over the coolant-flow range shown, the wmodified corrugated-

insert blade shows a pressure drop epproximstely 2% to é% times that of

the cast-cored blade and 2 to 2% times that of the conventionsal corrugsted-

Insert blade. Because of the smell coolant-flow ares in the modified
corrugated-Iinsert blade, high pressure drop relative to these other bledes
is to be expected. The magnitude of pressure drop that is acceptsble
depends, of course, upon the engine application under consilderation. For
exauple, at a coolant flow of 0.013 pound per second a 7.3-pound-per-
square-inch pressure drop results with the modifled corrugated-insert
blade. This pressure loss dces not appear to be excessive compared with
the pressure difference avalleble when cooling air is supplied from cdom-
pressor discharge bleed; however, the conditions of the specific iInstalle-
tlon must be the determining factor. Since the blade pressure drop was
determined in a stationary installation at room temperature, the effects
of rotation and coolant temperature rise are not included in these results.
The values presented nevertheless indicate the blade pressure losses on

& qualitative basisa. T

Potentisl of Modifled Corrugated-Insert Blade

In order to evaluate the potential of the modified corrugated-insert
blade more fully, its cooling requirements in high gas temperature, high
altitude, and high flight Mach number applications must be known. The
coolant-flow ratios required for this blade were calculated for a single-
stage-turbine application in s turbojet engine operating at a flight Mach
number of 2, an altitude of 50,000 feet, and over a range of inlet gss
temperatures from 2000° to 2500° F. Similar celculations are made for
conventional corrugeted-insert blades at elevated conditions in reference
18 and for the cast-cored blade in reference 7.

" m—— -
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In calculating the cooling requirements of the modified corrugated-
insert blade, both 1375° end 1148° F average blade temperatures were
gpecified at the l/s-span position. The former value was chosen since
reasonable blade life was obtalned while meintaining this temperature
during blade durability tests. The latter value was the same as that
specified in similar calculations for the cast-cored blade (ref:m?),
thus permltting a cowmparison. Values of gas-to-blade heat-transfer
coefficients were estimated from reference 19. An englne with a sea-level
compressor pressure ratio of 4 and corrected engine weight flow per unilt
frontal area of-25.5 pounds per second per sguare foot was assumed. Blade
cooling-air inlet temperature was considered to be 588° F (compressor
bleed teuwperature plus 100° F). Equetion (1) was employed. To account
for the ineccuracies demonstrated in calculating blade temperatures at
rated engine- operating conditions, the ratio of the experimental to the
calculated blade temperature values obtained at-rated engine conditions
wag incorporated in these calculations.

Figure 10 shows the calculated required cocolant-flow ratio as the
inlet gas temperature is increased from 2000° to 2500° F for both the
modified corrugsted-insert snd the cast-cored blades. To maintain the
average l/5-span modifled corrugated-insert blade temperature at 1375° F,
the coolent-flow ratic required varies from 0.020 at a 2000° F gas tem-
perature to 0.0355 at a 25000 F gas temperature. These flow requirements
are spproximetely doubled when the average 1/3-span blade temperature is
reduced to 1148C F. Figure 10 also shows that the modified corrugated-
insert blede requires coolasnt-flow ratios about twice as large as the
cast-cored blade over the entire gas tempersture range considered to
maintaln ean averege 1/5—span blade temperature of 1148° ¥, All the
curves fall within the calculated coolant-flow-ratio range tabulated in
reference 18 as the limitations of 80 corrugated-insert blede designs.
The blade designs considered in reference 18 were not limited on the basis
of coolling-air pressure drop. This may not be the case for the modified
corrugeted-insert blade, however. It should also be noted that this cal-
culation presumes that the chordwlse temperature dilfferences will not
differ markedly from experiuwental results at reted engine opersting speed.
Of course, it i1s possible that the leading-edge temperature can consider-
ably exceed the specified averasge blade temperature at higher gas teupera-
ture levels. In such a case larger coolant-flow ratlos may be required
to overcome the effects of such local hot sgpots, .

The present lnvestigation indicates a means for comblning reasonable
blade performance with light weight. More effective heat transfer and
lower cooling-air pressure drops mey be achieved merely by using corruga-
tions in the conventilonal manner without noticeably affecting weight or
altering the basic deslign precept of nondependence on brazed Joints for
major load support. :
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SUMMARY OF RESULTS

The following results were obtained from an experimental investigation
of a modified corrugated-lnsert air-cooled. blades

1. The modified corrugated-insert blade shows a fairly uniform tem-
perature distribution at the ecritical l/3-span section. The meximum
reduction from effective gas temperature (1462° F) obtained at this span-
wise location and a rated engine operating condition was 282°, occurring
at & coolant-flow ratio of 0.0135. The coolant temperature at the blede
inlet was 249° F.

2. A static room-temperature blade cooling-air pressure-drop deter-
mination showed the modified corrugated-insert blade to have a pressure

drop 2% to 4% times that of a cast-cored blade and 2 to 2% times that of

a conventional corrugeted-insert blade with the same slze corrugations.
This pressure drop does not appear to be excesslve compared with the pres-
sure difference avallesble when cooling sir is supplied from coupressor
bleed,

3. Three HS-3l modified corrugated-insert blades with A-2886 corru-
gatlong were endurance-operated at a l/s-span stress of 28,700 psi, rated
engine speed, and inlet ges temperatures of 1670° and 1600° F for epproxl-
mately 16, 31, and 36 hours wlthout blade fallure., Two of these blades
were operated at a 0.0064 coolant-flow ratio and one with zero cooclant
flow while maintaining a 1/3-span average shell temperature of 1375° F.
One HS-21 blade with A-286 corrugations failed at the 1/3 span, failure
probably being initisted at a surface instrumentatlon slot after about
15 hours at rated conditions and 0.00684 coolant-flow ratio.

4. Calculatlons indicete that a modified corrugated-lnsert blade
would require a coolant-flow ratio of approximetely 0.036 to maintaln an
average l/3-span shell temperature of 1375° F, assumlng the blade to be
employed in a turbojet engine at an inlet gas temperature of 2500° F, an
altitude of 50,000 feet, and a Mach numher of 2. If local temperatures
such as the leadlng edge greatly exceed the average teumperature specified
at these higher gaes temperature levels, larger coolant-flow ratios may
be required.

5. Modified corrugated-insert blade weight (about 0.68 1b) was
epproximately the same as that of a conventional corrugated-ingert blade
and only slightly heavier than a simple hollow blade (0.66 1b).

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, November 13, 1956
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APPENDIX A
SYMBOLS

A fin cross-sectional sarea, Cxt, sq ft
B location on fin where %% = 0 (see fig. 11(a)), £t
b blade height or span, 0.333, £t~
o] length of fin spanwise to blade (see fig. 11(b)), ft
cy specific heat at constant pressure, Btu/(1b)(oF)
g acceleration due to gravity, 32.2 ft/sec?
H constant
h heat-transfer coefficilent, Btu/(sec)(sq ft)(°F)
hp effective inside heat-transfer coefficient, Btu/(sec)(sq £t)(°F)
J mechanical eguivalent of heat, 778 ft-lb/Btu
K constant
k thermal conductivity of equivalent fin, Btu/(sec)(ft)(°F)
L length of equivalent fin normal to shell, 0.0043 £t (see fig.

11(b))
1 blade perimeter, £+
u distance between equivalent fins, 0.00375 £t (see fig. 11(b))
p static pressure, lb/sq in, |
Q quantity of heat transferred per second, Btu/sec
T radius, ft
T temperature, °F
w welight flow, lb/sec
b4 distance along equivalent fin in direction L %o fin element, £t

L

. ¥82%
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e s i e memrelter

¥ distence from blade root to spanwise astation consildered, ft

B;C
o Ve %

, Dol
helg
o density, 1b/cu ft
T thickness of equivalent fin, 0.000416 f%
P cooling-effectiveness parameter, %ﬁiE-E—;E
g;e a
® angular velocity, radians/sec
Subscripts:
a blade cooling air
b blade
c corrugation
e effective
/ fin
£ combustion gas
i inside
o outside
T blade root
8 portion of blade inner surface adjacent to alr passages formed by
corrugatlonsg

std standard atmosphere
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APPENDIX B

DERIVATION OF EFFECTIVE BLADE-TO-COOLANT HEAT-TRANSFER COEFFICIENT

In order to solve equation (1), 1t-is necessary to substitute an
effective blade-to-coolant heat-transfer coefficient hy in the A term.
The effective .coefficlent 1s one that accounts for the additional heat-
transfer surface area supplied by the corrugations, thus permitting
expression of. the heat transferred to the_cooling alr in terms of the
blade~shell to cooling-eir temperature difference. To facllitate an
anelysis of the hest-transfer process, the corrugations masy be replaced
by an equivalent slmplified configurstion. The numericel values of the
fin dimensione used 1ln the tempersture calculations are given in appendix
A. These were average values determined from a sectloned blade by
measurements mede with a microscope. Figure 11(a) shows a section of the
blade shell with aebtached corrugations, and figure 11(b) shows how the
corrugations mey be replaced by fins extending from the-shell at right
angles. Figure 1l(c) illustrates how the cooling action of each corruga-
tion or substltuted fin is replaced by & heat-transfer coefficlent, h,.

The effective or over-all heat-transfer coefficient he, which includes
the effects of he and hy, is derived as follows.

Writing a heat balance for such an equivalent fin as shown in fig-
ure 11(b) results in the differential equation

dsz
kA - hyTfC = -hyTL (B1)

The general solution for this equation is
Tf = HePX + Ke=BX 4 1, (B2)

ag shown in reference 20. The term B 1is defined 1In eppendix A.

One of the constants can be eliminated from equation (B2) by substi-
tuting the boundery condition of dTf/dx = 0 at x = L (station B of

fig. 11(a)) after differentiating the equation with respect to x. This
results in

Tf = H(ePx 4+ o2BL-Bx) Tq (B3)

¥82%
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The temperature at the lntersection of the fin and the shell may
then be représented by substituting O for x 1in equation (B3), thereby
obtaining

Tfoeo = Tp = E(L + e2PL) + o, (B4)

‘Using these equations to relate the amount of heat transferred by
conduction into the fins through the cross-hatched area (fig. 11l(c)) to
that being transferred to the coolant by the coefficlent h, which re-

places the corrugation (see fig. 11(c)) results in

@ = heCT(Tp - Ta) = —kC't(E[z)xw (B5)

dx
The value of d@//dx for x=0 for substitution into equation (B5) is

obtained by differentiating equation (B3). The value of T, at the

intersection of the fin and shell as expressed by equetion (B4) is also
substituted into equation (B5). This results in an equation from which
h, can be evaluated:

' 2La/h1/kT
h H_F L - e (BS)
© T 2L/ h; /5T

1 +e

which in hyperbolic form is

‘,khi hi)
he = Y— tanh(L‘/;—r (B7)
The effective blade-to-coolant coefficient hge equals an average of the

individual blade-to-coolant coefficients (fig. 11(c)) on an area basis:

heTe + him
By = 5o (z8)

By substituting the hyperbolic relation for h, (eq. (B7)) into equation

(B8), the final form for evaluating the effective heat-transfer coefficient

is obtained:

' i

h tanh (L ‘E)

= i kt

by = 7= + m (2)
‘/_Ei -

kT
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TABLE I. - TABULATION OF HEAT-TRANSFER DATA

Engine | Effective Blade temperstures, °OF Engine | Coolant- | Blade
gpeed, | gas temper- mASS flow cooling-
rpm ’ ature, 1/3-Span Root flow, |ratio air inlet
oF Lead- | Treil- | Midchord | Mldchord | Trail- | Midchord | 1b/sec tempera-
ing ing suction | pressure | ing suction ture,
edge | edge surface | surface | edge surfece op
10,000 1131 825 880 800 812 760 642 61.96 ]0.,0166 152
1132 848 509 835 a60 760 644 62,20 0113 155
1130 910 280 948 960 800 746 62.28 0073 175
1133 915 286 980 982 818 752 63.36 0076 167
1129 980 | 1048 1039 1060 860 842 63.26 0066 196
1125 1009 | 1072 1062 1089 862 ars 63.34 0041 215
1130 1066 | 1085 1098 1028 922 930 63.14 0032 302
11,500 1462 -——— 11235 1180 1210 1025 960 73.58 ;10,0135 249
(rated)| 1450 ---- |1250 1226 1250 1035 1000 75.80 .0093% 258
1459 ---- | 1320 1309 1330 1085 1070 73.16 .0082 298
1460 == | 1370 1380 1410 1138 1185 71.94 0063 346
1458 —-= | 1400 1400 1445 1200 1258 73.16 .0023 440

ye2¥
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TABIE ITI. - SUMMARY OF STRUCTURAL-RELIABILITY RESULTS

[Engine speed, 11,500 rpm (rated); corrugations of A-286; 1/3-span temp., 1375° F.)

Blade Btress, psi |Blade|Average |Coclant-|Running time, [Ratio of Remarks
material| page | 1/3- turbine-| flow hrimin allowable
span inlet ratio Total | At to cen-
tempera- tegt |TTrifugal
ture, condi- | Etress at
o tion 1/5 gpan
HS-21 |32,100]27,770( 1 1670 10,0064 24345 | 14:58 1.36  [Total running time includes
approximately 10 hr at lower
gpeeds for hemt-transfer
tests,

Feilure occurred at 1/3 span
et leading-edge thermpcouple
location,

Is-31 |33,100(28,700| 2 1670 |0.0084 [26:168 | 15:52 1,40 Total running time includes

(X-40) spproximately 10 hr at lower
gpeeds for beat-transfer
tests.

No failure.

3 1870 |0.0064 [35:60 | 30:50 1.38 Ro fellure.
4 1600 |0 57:48 | 35:58 1.35 No failure.

60M9SH WY VDYM
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Island cast integrally

_

surface.

22

- Construction details of test blade with integrally cest shell and base.

1.

Corrugations brazed in place to augment heat-transfer

Figure
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o 'Thermocouple

Figure 2. - Thermocouple installation on cooled and uncocled bledes.
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(b} Engine speed, 11,500 rpm {(rated).
Figure 3. - Chordwise temperature distributions for modified corrugated-

insert blade at 1/3-span position. (Cooling-air inlet temperatures
given in table I.) :
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Coolant-flow ratlo, w,/vg

Figure 4. - Nondimenslonal cooling ef-
fectiveness parameter (based on av.
1/3-spen blede temperature) as func-
tion of coolant-flow ratio at two
engline speeds for modified corrugated-
Insert blade.
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Calculated temperatures, °F

o NACA RM ES6KOS
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Experimental temperatures, COF

Figure 5. - Comparison of calculated and experimental l/S-Bpan
average blade temperatures for modified corrugated-insert
blade. Coolant-flow-ratio range, 0.0023 to 0.0135; inlet
gas temperature, 1670° F; engine speed, 11,500 rpm.
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Figure 6. - Failed HS-21 blade.
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Flgure 7. - Ratlio of allowsble to centrifugal stress at 1/3-spa.n ag function of time for blades
investigated at an average 1/3-spaun blade temperature of 1375° F.
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o] Modified corrugated
insert blade :
Conventional corrugated- -

insert blade
1/3-Span (0.050x%0.050%0.005-1n.
1400 & T temperatures corrugation) -
\ — — — Cast-cored blade (36 holes
\No|/ Av. shell 0.060-in. diem., and 6

holes O.040-in. diam,) -

\ Y
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1200 \
\\\‘ Av. of surface and central region
/
\\\
\
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Ay, shell
\ \[
\ Ty
\

0 .02 .04 .06 .08
Coolant~flow ratio, wa/wg

Average blade temperature, °F

800

Flgure 8. - Change In average blade temperatures with coolant-
flow ratio at 1/3-span position at rated engine conditions
(1670° F turbine-inlet temp., 11,500 rpm) for several air-
cocled blade configurations.
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Blade pressure drop, (p/pstd)Ap, Ib/sq im,
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/ o Modified corrugated-insert _|
blade (0.050x0.050%0.005~
4 /| . in. corrugation)
. Y O Cast-cored blade (36 holes
/ 0.060-1In. dlam., 6 holes
o 0.040-1n. diam.s -
/ o Conventional corrugated-
/ insert blade
2 {0.050%0.050%0.005-~1a.  _|
* / corrugation)
- Yooz .004  .006 0L .02 .04 .06
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Figure 9. - Change in blade pressure drop with coolant weight
flow for several ailr-cocled blade configurationms.
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Coolant-flow ratio, wa/vwg
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/ -
/ - '
// — S
Modified corrugated-
insert’ blade
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2000 2200 2400 2600

Turbine-inlet gas temperature, OF

Figure 10. - Calculeted varlation of
coolant-flow ratio with Inlet gas
temperature for modified corrugated-
insert and cast-cored bledes.
Altitude, 50,000 feet; flight Mach
number, 2,
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{c) Bubstitution of heat-transfer coefficients for cocling
action of equivelent fins.

Figure 11l. - Sketch showing simplified coni‘iguration equivalent to corruga.tion used in
this analysis.
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