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SUMMARY

An investigation was conducted to determine experimentally
turbine-nozzle-blade and turbine-bucket temperatures in a turbojet
engine and to correlate these temperatures with the gas tempera-
tures. ta were obtained over the normal range of eniine speeds
and with two tail-pipe-nozzle areas.

In general, the material temperature increased with increase
in engine speed over the normal speed range of the engine., Maximum
indicated temperatures were about 1900° F for the nozzle blade and
15000 F f'or the turbine bucket. Pronounced temperature gradients
were found to exist along both the nozzle blade and the turbine
bucket; these gradients varied both with rotor speed and with gas
temperature, The maximum turbine-nozzle-blade temperature was
80° to 270° F higher than the calculated average turbine-inlet-
sas temperature; the maximum turbine-bucket temperature was about
150° F less than the calculated average turbine-inlet-gas tempera-
turc. The maximum temperature reached by the turbine bucket durlng
a normal engine start was lower than the temperature of the bucket
during engine operation at maximum rated conditions.

INTRODUCTION

in order to evaluate properly the high-temperature alloys to
be used in gas turvpines, the temperature at which the materials
will operate must be known. Data were therefore obtained at the
NACA Cleveland laboratory to determine the temperature level and
the temperature distribution in the turbine-nozzle blades and in
the turbine buckets of a turbojet engine. These data also provide
a basis for correlating turbine-bucket temperatures with gas tem-
peratures; such a correlation will be helpful in predicting
turbine-bucket operating temperatures in future engine designs.
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Turbine-nozzle-blade and turbine-bucket temperatures were obtained
for steady-state conditions over the normal range of engine oper-
ating speeds. The turbine-bucket and tall-pipe gas temperétures
were also obtained during the interval in which the engine was
being started.

The determination of turbine-bucket temperatures presents a
difficult problem because of the high rotational speeds involved.
A survey was made of the methods used by previous investigators to
determine the temperatures of machine parts having high rotational
speeds. The following methods were found to have been used with
varying degrees of success:

1. Chemical paints that change color with temperature (refer-
ences 1 and 2)

2. Fusible plugs that melt at different temperatures (refer-
ence 1)

3. Plugs of an age-hardenable steel, the hardening being a
function of time and temperature (used by Army Air Forces)

4, Radiation pyrometers (references 1 and 3)

5. Electromotive force from thermocouples transmitted by
induction (reference 4)

6. Electromotive force from thermocouples transmitted through
chromel-alumel slip rings and brushes (reference 5)

7. Electromotive force from thermocouples transmitted through
copper slip rings and brushes (reference 6)

The method of Fleissner and Viebmann (reference 6) was used
to obtain these data, A thermocouple embedded in a material is a
generally reliable means of measuring the temperature of the
material. Copper brushes and slip rings were used because they
generate no parasitic electromotive forces to interfere with the
electromotive force generated by the thermocouple.

APPARATUS AND PROCEDURE

A turbojet engine having a dual-entry centrifugal compressor,
a combustion-chamber assembly consisting of 14 individual burners,
and a single-stage turbine having a rated speed of 11,500 rpm was
used. The turbine disk was of an alloy having a nominal composi-
tion of 16 Cr, 25 Ni, 6 Mo, and 0.15 C, with the balance principally
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iron. The turbine-nozzle blades were AISI 347 stainless steel, and
the turbine buckets were of an alloy of the following nominal com-
position: 62 Co, 28 Cr, 5.5 Mo, and 0.25 C. The engine was mounted
on a sea-level pendulum-type test stand as shown in figure 1. It
was operated on AN-F-32 fuel.

Turbine rotor speed was measured by a chronometric tachometer.
Figure 2 chows the location of the thermocouples used to measure
the tail-pipe gas temperature and the adjustable (variable-area)
nozzle used to control the gas temperature. All of the tail-pipe
8as temperatures were obtained by the 14 thermocouples at station 2
except for the data obtained during the starting interval at the
beginning of run 2 when the four thermocouples at station 1 were
used.

The turbine-inlet-gas total temperature bad to be known to
determine the relation of material temperature to gas temperature.
Because gas-temperature date taken with thermocouples in the burner
outlet are generally unreliable, the average turbine-inlet-gas
total temperature was computed from the measured tail-pive-gas tem-
verature and the measured temperature rise across the compressor,
as shown in appendix A.

Two runs were made with different locations of the theriio-
couples on the turbine-nozzle blades and the turbine buckets and with
different tail-pipe-nozzle areas. Because of the type of tail-
pipe nozzle used, the area of the nozzle was not determined. The
following method of designating the nozzle areas will be used to
simplify the discussion and the figures:

In run 1, the variable-area tail-pipe nozzle was ad justed to
glve an indicated gas total temperature in the tail pipe of 1145° F
at a rotor speed of 11,500 rpm. This setting was held constant
throughout run 1 and will hereinafter be designated the large tail-
pipe nozzle.

In run 2, the variable-area tail-pipe nozzle wes adjusted to
give an indicated gas total temperature in the tail pipe of 1320° F
at a rotor speed of 11,500 rpm, This nozzle setting was held constant
throughout run 2 and will hereinafter be designated the small tail-
pipe nozzle.

The maximum indicated tail-vpipe-gas temperature allowed by the
Army Alr Forces during a ground check at 11,500 rpm is 1328° F
(T20°¢) .



4 NACA RM No. E7L12

The locations of the thermocouples installed on the nozzle
blade and on the turbine bucket for run 1 are shown in figure 3.
In run 1, chromel-alumel thermocouples were spot-welded to the
leading and trailing edges of the nozzle blade on the center line

of the top burner. The thermocouples were located 2% inches above

the base. Examination of previous nozzle-diaphragm fallures showed
that blades cracked more frequently at that location. The lead
vires were shielded by a small tube and attached to the leading
and trailing edges of the blade.

The location of the thermocouples installed on the nozzle
blades and on the turbine bucket for run 2 is shown in figure 4(a).
In rvn 2, four chromel-alume’l thermocouples were embedded in the
leading edge of each of three nozzle blades at the outlet of the
top burner. The lead wires were brought out through drilled
passages in the nozzle blades so that no protrusions disturbed
the gas flow over the nozzle blades. The position of the instru-
mented nozzle blades with respect to the burner outlet is showm
in figure 4(b). Chromel-alumel thermocouples were spot-welded to
the convex side of the turbine bucket for both runs in the manner
shown in figure S.

During the starting interval at the beginning of run 2, a
photographic record was made of the instruments indicating the
rotor speed, the gas temperature at the exhaust-cone outlet

(station 1, fig. 2), and the turbine-bucket temperature 2% inches
above the root.

In order to install the thermocouple slip rings on a cool
part of the engine, holes were drilled through the turbine wheel,
the ghaft, and the compressor rotor. These alterations allowed
the slip rings to be installed on the accessory case, where they
were cool and readily accessible.

The slip-ring assembly (fig. 6) consisted of 12 copper rings
on a shaft driven by the engine at rotor speed. The brushes, also
of copper, were so pivoted that a solenoid could pull them into
contact with the slip rings. This arrangement decreased the brush
wear as the brushes were kept in contact with the slip rings only
while readings were being taken. The brush pressure during the
contact period was adjusted to approximately 40 pounds per square
inch. On the end of the assembly was a uniform-temperature box,
which housed the junctions between the thermocouple lead wires
and the copper wires that led to the slip rings, as indicated
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schematically in figure 7. Steam slightly above atmospheric pres-
sure was supplied to the box to maintain the Junctions at a uniform
temperature. This arrangement allows remote operation of the brushes
and transfers the effective cold Jjunction to the potentiometer.

Before installation of the assembly on the engine, an investi-
gation was conducted on a bench setup to determine the errors intro-
duced by the slip rings. The errors were determined by impressing
a voltage equivalent to that produced by a chromel-alumel thermo-
counle indicating a temperature of 2000° F on a circuit that was
completed through the slip rings at several speeds within the range
of engine operation. Comparison of the input and output voltages
indicated a maximum error of 0.3 percent.

In run 1, data were obtained at rotor speeds of approximately
4000, 6000, 8000, 10,000, and 11,500 rpm. In the second run,
turbine-bucket-temnperature data were taken only at 10,000, 11,000,
and 11,500 rpm in order to reduce over-all deterioration of the
thermocouple installation.

RESULTS AND DISCUSSION

Basic data. - The basic data taken during the investigation
are presented in figure 8 for the turbine-nozzle blades and in
figure 9 for the turbine buckets. The calculated turbine-inlet-
gas total temperature is plotted in both figures and the indicated
tail-pipe-gas total temperature is shown in figure 9.

The data in figure 8(a) indicate that near the maximum rotor
speed there is a temperature difference between the leading and
trailing edses of the nozzle blade of about 40° F. Also, over the
entire range of engine operation the material temperature near the
middle of the blade is higher than the calculated turbine-inlet-gas
total temperature, the difference being greater at the higher rotor
snpeeds. In figure 8(b), the curves have been faired through data
obtained at four points on the leading edge of the nozzle blade on
the center line of the top burner. At maximum rotor speed (approx-
imately 11,500 rpm), the data from the thermocouple located 1/2 and

1% inches above the base seemed to be incompatibly low, and so these

points were disregarded in fairing in the curves. The nozzle blade

reaches a maximum temperature of about 1900° F near the middle of
the blade. Figure 8(c) presents the data from thermocouples in the

leading edge 2% inches above the base of three nozzle plades at the

outlet of burner 1. The blade in the center 1is at a higher temper-
ature over the entire range of rotor speeds.
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The variation of the turbine-bucket temperature during run 1
over the normal range of rotor speeds is shown in figure 9(a). Also
shown are the calculated turbine-inlet-gas total temperature and the
indicated taill-pipe-gas total temperature.

Figure 9(b) presents similar data obtained in run 2. The data
were obtained only at high rotor speeds. The turbine bucket reached
a maximum temperature of about 1500° F near the middle of the bucket.

The data for the point 3% inches above the base at a rotor speed of

10,000 rpm are apparently erroneous and cause the shape of that
curve to be quite different from the others. The data presented in
figure 9(a) are believed to be more nearly typical.

The general trend is for nozzle-blade and turbine-bucket tem-
peratures to increase with rotor speed over the normal speed range.
An exception to this generalization of variation in temperature with
change in engine speed occurs at low speeds at which the enriched
fuel-air ratio increases the gas temperature. This enrichment
causes the material temperatures to be as high at 4000 as at
10,000 rpm (except for fig. 8(a)).

Turbine-nozzle-blade temperature distribution. - The tempera-
ture distribution existing in the turbine-nozzle blades is shown in
figure 10 as a function of thermocouple location and rotor speed.
This figure is a cross plot of data from figure 8(b). These curves
show that the temperature gradient along the blade is a smooth curve
and that the magnitude of the gradient increases with increasing gas
temperature as the rotor speed is increased. A maximum indicated
temperature of about 1930° F is reached at 11,500 rpm in about the
center of the blade. At the same engine conditions the temperature
at the tip of the blade i1s about 1380° F; the average temperature
gradient between the center and the tip is about 220° F per inch.
The peak temperature is shifted “nwards the base of the blade as
rotor speed is increased and the Aifference between blade-base tem-
perature and blade-tip temperature increased considerably as rotor
speed is increased. The shift in the temperature peak may be due
to the angle at which the burner is set with respect to the nozzle
blades and to the asymmetrical shape of the burmer outlet.

The nozzle-blade temperature as a function of the blade posi-
tion with respect to the burner outlet is shown in figure 11l. This
figure is a cross plot of the data from figure 8(c). The data are

from thermocouples in the leading edge 2% inches above the blade base.
The temperature distribution indicates that the maximum gas temper-

atures are near the center of the burner outlet, as would be
expected from the design of the burner.




NACA RM No. E7L12 7

Turbine-bucket-temperature distribution. - The temperature
distribution radially along the turbine bucket as a function of
rotor speed is shown in figure 12,which is a cross plot of data from
figure 9.

The method of attaching the thermocouple Junctions to the tur-
bine bucket may have disturbed the gas flow sufficiently to alter
the temperature of the bucket. At present, no means are avallable
for evaluating the effect of the .disturbance in gas flow on the
temperature of the material.

The indicated temperature distribution along the turbine bucket
is similar to that of the turbine-nozzle blade. A change in the
temperature level of the engine affects both the magnitude of the
temperature gradients and the magnitude of the peak temperature.

The same shift in the peak temperature and increase in blade-base
temperature can be seen as in the nozzle blade and is probably due
to the position and shape of the burner outlet. The 10,000-rpm
curve in figure 12(b) is dotted over the outer half of the bucket
because the datum point shown in figure 9(b) is believed to be in
error.

Temperature distribution of gas at burner-outlet. - The results
of a gas-temperature survey made at the outlet of the top burner
are given in figure 13. The data plotted are indicated temperatures
obtained with three bare chromel-alumel thermocouple probes. All
three of the probes could not be operated simultaneously; therefore
a survey was made with each probe while the engine operating condi-
tions were held as constant as possible. The location of the probes
was not entirely satisfactory, and the bare thermocouples are
undoubtedly subject to radiation errors. The figure does, however,
show that the hottest gas is at the center of the burner. The
highest temperature measured was 2175° F at a speed of 11,500 rpm
(fig. 13(c)). The temperatures at the top of the burner are gen-
erally lower than at the bottom. This fact may account for the low
material temperatures at the tip of the nozzle blades and the tur-
bine buckets. The temperature distribution in nozzle blades and
turbine buckets is probably the result of the temperature gradient
in the gas issuing from the burner plus some cooling due to the
heat transfer through the blade base and the bucket roots.

Turbine-bucket temperatures during starting. - Figure 14 shows
the relation between engine speed and indicated tail-pipe-gas total
temperatures during a typical starting operation (run 2). The exact
shapes of curves such as these are dependent upon the manipulation
of the throttle during the starting period.
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The maximum indicated tail-pipe-gas total temperature at the
exhaust-cone outlet (station 1, fig. 2) is 1500° F. The turbine-
bucket temperature lags a little behind the gas temperature and
reaches a maximum of 1370° F about 7 seconds after the gas temper-
ature reached a peak. During this start, the temperature of the
turbine-bucket meterial increased from 200° to 1370° F in 27 sec-
onds, or at the rate of 43° F per second. These conditions are
quite severe and indicate that any materials that are to be used
in gas turbines will need high resigtance to thermal shock. These
data indicate that during a normal engine start the maximum tem-
perature reached by the turbine bucket is about 100° F less than
when the bucket is operating at maximum rated engine conditions.

Relation of material and gas temperatures. - The nozzle-blade
temperature is plotted as a function of the calculated turbine-
inlet-gas total temperature in figure 15. The curves were deter-
mined by using a method of least squares. The curves have slopes

varying from 0.90 for the point 2% inches above the base to 1.32

for the point 1/2 inch above the base. The differences between
individual curves are caused by temperature gradients existing
along a given blade or from blade to blade. The maximum nozzle-
blade temperature is from 80° to 270° F higher than the calculated
average turbine-inlet-gas total temperature.

Similar data for the turbine bucket (fig. 16) show that the
turbine-bucket temperature is in all cases below the turbine-inlet-
gas total temperature and that the differences between the various
bucikket temoeratures and the gas temperature are nearly constant
with changing gas temperature. The slope of the curves vary from
about 0.92 to 0.97. The curve was not drawn through the data from

3% inches above the base because the data was in error, as previously

explained. The maximum turbine-bucket temperature 1is about 150° F
less than the calculated turbine-inlet-gas total temperature.

SUMMARY OF RESULTS

An investigation of the material temperatures in the nozzle
blades and the turbine buckets of a turbojet engine gave the
following results:

1. The material temperatures increased, in general, with
increase in rotor speed within the normal speed range of the engine.
Maximum indicated temperatures were about 1900° F for the nozzle
blade and 1500° F for the turbine bucket.
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2. Pronounced temperature gradients existed in both the nozzle
blade and the turbine bucket. These gradients varied with rotor
speed and with gas temperature.

3. Nozzle-blade temperatures were generally higher than the
calculated turbine-inlet-gas total temperature. The maximum nozzle-
blade temperature was 80° to 270° F higher than the calculated
turbine-inlet-gas total temperature. The turbine-bucket temperatures
were well below the calculated turbine-inlet-gas total temperature.
The maximum turbine-bucket temperature was about 150° F less than
the calculated turbine-inlet-gas total temperature.

4. During the starting interval of the engine, the turbine-
bucket temperature followed the tail-pipe gas temperature closely,
with some time lag in evidence. The maximum turbine-bucket tem-
perature during a normal engine start was about 100° F lower than
that when the engine was operated at maximum rated engine
conditions.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX A - CAICULATION OF TURBINE-INLET-GAS TOTAL TEMPERATURE
Symbols
The following symbols are used in the calculation:
c specific heat at constant pressure in compressor, Btu/(1b)(°F)
cp,t Specific heat at constant pressure in turbine, Btu/(1b)(°F)
hp, compressor norsepower
hpt turbine power
B total pressure, 1b/sq ft absolute
P gtatic pressure, 1b/sq ft absolute
3 turbine-inlet-gas total temperature, °R
Ty tail-pipe-gas total temperature, °R
T; 4 indicated tail-pipe gas temperature, °R
ty tail-pipe-gas static temperature, OR
compressor temperature rise, Of

AT,  turbine temperature drop, OF

Wy air flow, 1b/sec
Wé gas flow, 1lb/sec
Y ratio of specific heats of gases

Method of Calculation

Unpublished data obtained at the NACA Cleveland laboratory on
a cold calibration of a sample thermocouple of the type used at air
speeds up to a.Mach number of about 0.8 showed that the thermocouple
measured the static temperature plus approximately 76 percent of the
adiabatic temperature rise caused by the impact of the air on the
thermocouple. Static temperature t4 was determined by applicdation
of this factor to observed values of temperature and pressure in the
following manner:
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t4=
Y
1 40476 (B) % i
D

The total temperature T, was determined from

i)
e -2l
150,76 (%)

It was assumed that the power developed by the turbine was
equal to that required by the compressor:

118 778

hPC = 336 Cp,CATcwé = hpt = 536 Cp,tATtwé

and that the weight of hot gas through the turbine was equal to
the weight of air through the compressor:

AR ==siC

Cp,c c p,tATt

Therefore

C

C
AT, = AT, =

p,t

The turbine-inlet-gas total temperature Tz 1is the sum of the tail-
pipe-gas total temperature and the temperature drop in the turbine:

T3 = T4 + ATy
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Figure

l. — Turbojet

engine mounted on sea-level
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nozzle).
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plot of data from fig. 8(c).)
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Figure 15. - Nozzle-blade temperature as function of cal-
culated turbine-inlet-gas total temperature in turbo jet
engine for run 2 (small tail-pipe nozzle).
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