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SUMMARY

Temperatures of a turbosupercharger rotor were measured in flight
for a variety of conditions by thermocouples, the leads of which
were brought away from the turbine by means of rotating slip rings
and stationary brushes.

A consistent and almosgt linear relation was shown between
turbine temperature at the outer edge of the rim and the effective
exhaust-gas temperature at the surfaces of the blades on three
successive flights at cruising power, Similar, but not so well
defined, variations were obtained at two other power conditions.
During flights at numerous power conditions, turbine temperatures
varied widely and no acceptable method of correlation could be
determined.

It was estimated that the maximum temperature at the rim of the
rotor at rated altitude would be approximately 1175° F for this
particular installation.

INTRODUCTION

The high rotational speeds at which a turbosupercharger oper-
ates impose large stresses on the turbine, whereas the extreme
temperatures encountered reduce the ability of the turbine to with-
gtand those stresses. The most critical conditions exist along the
blades because they are continually immersed in exhaust gases at
temperatures higher than those at which present commercial materials
can maintain the strength required in current applications. Suffi-
cient cooling must be provided to keep the blade temperatures within
gafe 1limits, As trends toward greater speeds and higher exhaust
temperatures progress, the problem of providing adequate cooling
becomes more critical.
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An investigation was undertaken by the NACA to evaluate the
effects of the various factors involved upon turbine temperatures.
The proposed investigation included the measurement of turbine
temperstures in filight under a variety of operating conditions, the
determination of the effects of individual factors upon turbine
temneratures by means of a series of ground tests in an altitude
cheriber, and an analysis and correlation of the data obtained during
these two phases. The turbine temperatures measured in flight are
reported herein.

For the flight nrogram the Army Air Corps recommended an air-
plane on the basis of satisfactory turbosupercharger performence
ver sn extended period of gervice. A means of measuring turbine
temperatures wac devised, bench-testcd, and installed. The ensuing
flights were made at the NACA Langley Field laboratory during 1942
but the information as originally releaged received very limited
distribution,

Maintenance problems not esssociated with the exmperimental appa-
ratus led to the termination of the flight investigation before .
completion of the program. Data at the rated altitude of the turbo-
supercharger are therefore meagex.

TEST INSTALLATION

Test equipment. - Turbine temperatures were measured on a
commerciel turposupercharger installed in a single-engine pursuit
airplane, The turbosupercherger was located on the under side of
the fuselage directly beneath the engine; the rotor and a portion
of the nozzle box extended beyond the cowling into the air stream.

The cooling cep originally furnished with the turbosupercharger
was s conventional convecticon-type cap, which directed a stream of
air against the rim of the turbine. It was necessary to redesign
the cap to nrovide rocom for the turbine-temperature measuring appa-
ratus. Passage area through the redesigned cap was adjusted to give
cooling-air flows equal to those of the original cap with equal

ressure drops across the two, Figure 1 shows the redesiguned cap
in position.

A bleeder was installed in the air duct leading from the turbo-
supercharger compressor outlet to the carburetor to make possible a
variation in turbosupercharger lcad independent of engine conditions,

Instrumentation. - Chromel-alumel thermocouples were used to
messure the temperatures at four points on the outer surface of the
turbine disk. Three of these points were located on the rim of the

r
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isk abt 4z5-, 4z%-, an SE'InCh radii; the fourth point was at a
radius of 22 inches.

The thermocouples were of 28-gage oxide-coated wires that were
individvually welded to the surface of the turbine at the hot junction,
Bach pair of leads was encased in 0.050-inch outside-diameter
stainless-steel tubing into which a ceramic cement was forced under
pressure to serve as an insulator. These tubes were clamped to the
outer surface of the turbine.

Therniocouple leads were brought awaey from the turbine through
= & g
rotating chromel and alumel slip rings and stationary brushes of the

- : o ; : ; L
same materials. The slip rings had an outside diameter of lIE inches
]
and the brushes were'g-inch—diamster buttons. The brushes were mounted
1, : : :
on Ezuanch spring-steel arms and were designed to contact the sides

rather than the rims of the rings. Contact was made only during the
periods in which turbine temperatures were taken. Figure 2 shows

the thermocouples and slip rings installed on the turbine. The

brush assembly is also shown. Thermal electromotive forces from
these turbine thermocouples were taken by a null method with a small
notentiometer mounted in the cockpit of the airplane for this purpose,

Some idea of the magnitude and distribution of temperatures in
the gases between the cooling cap and the turbine rotor was obtained
from 12 chromel-alumel thermocouples installed in that space. Each
pair of 28-gage thermocouple leads was encased in an 0.050-inch
outgside-diameter stainless-steel tube with a filler of ceramic
cement. These thermocouple tubes were clamped to the outside surface
of the cap and, at the desired locations (fig. 3), were allowed to
project through drilled holes approximately one-eighth inch into
the space between the cap and the turbine rctor.

The velocity head in the cooling-cap inlet was measured by two
static taps and a total-head ‘tube located in the circular inlet
O ¢ -
gection l@ inches from the entrance. A sea-level calibration of
weight flow against velocity head served as the basis from which
weight flow at altitude was calculated.

Exhaust-gas temperatures were obtained 4 inchies upstream of
the nozzle-box inlet by means of a quadruple-shielded chromel-alumel
thermocouple.
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A straight section 2% inches in diameter and 40 inches in

length was incorporated in the bleeder duct to insure suitable flow
conditions at a measuring plane., A static tap, a total-head tube
inserted to one-third the duct diameter, and a thermocouple were
used to obtain data from which bleeder air weight flow could be
calculated. A butterfly valve controlled from the cockpit permitted
regulation of the air flow in flight.

The temperature rise through the compressor was obtained from
unshielded chromel-alumel thermocouples in the inlet and outlet ducts,
This value was used to calculate the approximate power required by
thie compressor,

Tlectromotive forces from all of the thermocouples except those
on the turbine disk were automatically recorded at least once a
minvte, TIn addition, automatic pressure recovders were used to ob=-
tain a continuous record of the following variables:

Indiceted air speed

Velocity head in cooling-cap inlet
Manifold pressure

Velocity head in bleeder duct
Bleeder-duct static pressure

On all pressure and tempesrature records, a timing device marked
l-gsecond intervals in order that an accurate time relation could be
egtablished, All aubtomatic apparatus was electrically driven and
controlled from a single switch in the cockpit. This switch was
momentarily tripped each time a turbine temperature was taken and
the resulting traces on the films in the recorders were uged to es-
tablish the time relation between turbine temperature and other data,

Values for the following variables were read from indicating
instruments in the cockpit before and after each run:

Engine speed

Altitude

Turbine speed

Free-air temperature

Nozzle-box pressure

Fuel consumption

Total pressure - compressor-inlet duct
Static pressure - compressor-outlet duct
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TESTS

Test procedure. - Seventeen test flights were made, During the
firgt nine flights, when the desired altitude was reached, the air-
plane was leveled off, a designated power condition was established,
and 5 minutes was allowed for temperatures to approach equilibrium,
During this period, such readings as were not automatically recorded
were noted by the pilot. At the end of the period, the electromotive
forces of the four turbine thermocouples were taken in rotation a
number of times. Indicating instruments were read and recorded again
at the end of the run. The automatic recorders were allowed to
operate for 1 minute before and during the period in which turbine-
temperature data were taken., As each turbine-temperature reading
wag made, the recorders were momentarily turned off; the resultant
break in the film record was used to establish the time relation
among the various data.

Ag military power could not be continuously maintained for more
than 5 minutes, the time allowed for turbine temperatures to approach
e e L e : :
equilibrium was reduced to 2§ ninutes during runs at- this power
condition. As much turbine-temperature data ag possible were obtained
in the remaining time.

Because of the frequent wide variations in successive tempera-
ture readings at a given point on the turbine during the first nine
flights, nmore freguent readings were obtained from the thermocouple
at the greatest radius even though 1t meant getting little or no
data from the other thermocouples. Accordingly, on flight 10 and
thereafter data were taken on this basis,

The bleeder wes installed in the duct between the compressor

and the carburetor only for flight 15.

Tegt conditions, - Turbine temperatures were obgerved at an
altitude of approximately 15,000 feet at various power conditions
over the entire operating range of the engine., Runs were made at
cruising, rated, and military powers and at intermediate power
conditions., At cruising power where operating procedure psrmitted
leaning out the fuel-air mixture, runs were made with various
mixture-control settings from full rich to avtomatic lean; thus, a
wide range of exhaust temperatures was obtained. On a single flight
at rated power, three runs were made &t mixture strengths covering
as wide a range ag feasible., Runs at three diffferent mixture
strengths were made at cruising power while a conshtant additional
load was imposed on the turbosupsircharger by bleeding air from the
induction system between the turbosupercharger and the carburetor.
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211 data were obtained in level flight because it proved impos-
gible o maintain a given set of conditions in climb while talking
turbine-temperature data., Table I gives the conditions under which
each run wag made.

CATCULATTIONS

Cooling-air flow, - A sea-level calibration of weight flow
againet velocity head in the cooling-cap inlet was used as the basis
for calculating cooling-air weight flows at altitude. For equal
velocity heads, 1t follows that

wihere

W, air flow through cooling cap, (1v/sec)

i total pressure in cooling-cap inlet, (lb/sq ok 0
AL total temperature in cooling-cap inlet, ‘B

Subscripts 0 and 1 denote sea-level and altitude conditions, respec-
tively,

Subsgtituting the values prevailing during the sea-level cali-

brations for PO and TO yvields

W - 51 W7
”Cl = O.-.)l 60

Power required by compressor, - The compressor power requirements
were calculated from the measured temperature rise across the compressor
and the charge-air weight flow as determined from a calibration by
G, L. Senwald at the Naval Air Material center (Philadelphia) in 1940
by the following equation:

T B

e A
P =TT T 550
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where

0 ratio of specific heats

R gas constant for normal air, (ft-1b)/(1b mass) (°F)

W engine charge air, (1b/sec)

AT,  temperature rise through compressor, °F

Effective exhaust-gas temperature a2t blade surfaces. - In the
calculation of the gas temperature at the blade surfaces, the nozzle-~
box temperature was taken as the value measured just ahead of the
inlet, the temperature drop through the nozzles was taken as 85 per-
cent of the adiabatic drop encountered in expending from nozzle-box
pressure to the pressure of the surrounding atmosphere, and a recovery
coefficient of 85 percent was assumed at the blade surfaces, It

then followed that 2 7-17

g1 hon o i e (ERNE +—————o'857‘"2

el =heatia Pn Zchp

where
Te effective gas temperature at blade surfaces, °r
’I‘n nozzle-box inlet temperature, O
P, nozzle-box pressure, (lb/sq in.)
v gas velocity relative to turbine blades, (ft/sec)

J  mechanical equivalent of heat, (ft-1b)/Btu

g acceleration of gravity, (ft/sec?)

ety . 3 D) O
c, specific heat of exhaust gases, Btu/(1b) (°F)

The laboratory development work on the turbine-thermocouple
apparatus indicated that the errors introduced into the temperature
measurements by the sliding contacts between brushes and slip rings
were within +25° F at the rated turbine speed of 21,300 rpm.

After a change in the flight conditions affecting turbine
temperature, it was not feasible to allow sufficient time for the
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disk temperatures to reach equilibrium. Subsequent ground tests in
an altitude chamber (reference 1) indicated that it would require

at least 1 hour to reach equilibrium. During the ground tests,
however, Values within 10° F of equilibrium were reached at the inner
edge of the rim (4%%"1n. radiius) and middle of the rim (43% -in.
radius) in anhrﬁximatﬂTJ 30 and 10 minutes, respectively. Flight
tests showed that 5 minutes were sufficient for the temperature at
the outer edge of the rim to reach an apparently steady value. (See
fig. 4.) These considerations would indicate that the 5-minute
period used in flight was sufficient to allow the outer edge and the
middle of the rim to reach temperatures near enough equilibrium to
be representative of the conditions under which they were measured .
Date from the thermocounle at the inner edge of the rim are less

-~

5 LR £
reliable and data at the aé-lnch radius are of little value,

The greater number of temperature readings talien at a given
point on ““e turbine during each run of flights 10 to 16 assured
more nearly representative average teuperatures. These data are
therefore more reliable than the data of other flights.

The exhaust-gas temperatures measured at the nozzle-box inlet
were subject to several errors. Radiation and conduction of heat
away from the tip of the thermocouple sheath resulted in a hot-
junction temperature below that of the surrounding gases, According
to the manufacturer's tests, the quadruple-shielded thermocouple
ghonld indicate temperatures from 0° Lo 2C° F below actual ga
temneratures, Mo ﬁttembu was made to check these values. Recording
and reading film records introduced ancther possible error of approxi-
mately 42 percent or £30° F, These errors are naturally reflected
in ths calculated effective gas temperatures at the turbine-blade
surfaces. In addition, the errors involved in determining the
pregsure 4Arons across the nozzles add another +10° 7,

ﬁ

=
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The accuracies %o which other values were determined are given
¢ following table:

e e et el Lo lvs o RO BRI Bt S
1 I e T R A e R )

ARSI BUBEH, "I . 5l s e B ik et v e Wl wte el 280
1Ok il '1@“ Teet W e W TR e TRty e e A et e fat e e el :”250
UONL*JL“ PReRUUren T NG He Wl AT H R E R Se T e Ut e e R ISR L O S
HoBziovell prosture, InOEE % « @ ST 9 8 T e a R ale w LS
Bllesder-duebigtatic prosonve, TRl & . o W le o w i hEEEla e
Blsedek-ducty velocity head, #m3 FaliBr .4 1 .o W LG b etme0L ]
Compifegeor -1nlet" Progaure] e Bl T o s o el L gL 28
Cenprisgaar-ontlet Drossure, Pl BE: . vl. 6 5 e s m o e e sl SEORA
Air temperatures OF v e TS SRS sk R o) TR R ot +6

RESULTS AND DISTCUSSION

The effect of variations in exhaust-gas tempsrature upon

turhine temperature at the outer edge of the rim.(i—-—:n. rauwus)

is shown for five flights at an altitude of approx1matoly 15,000 feet
in Flgure S t cruising power flights 8, 10, and 12 were made
under the samo conditions with no air flow through the bleeder duct
and show a consistent, almost linsar, relation between these tempora-
turos. Average turbine temperatures during these flights fell with-
in +#25° F of a mean curve when plotted against exhaust-gas tempera-
tures at the blade surfaces. When tho same engine power was main-
tained and the load on the turbosu@nr"ﬂargﬁ" wag increased approxi-
mately 50 percent (flight 15) by bleeding air from the high-pressure
gide of the compressor, the turbine temperatures varied with exhaust
temperatures at the blade surfaces at nearly the same rate as at
cruising 3 power.

j

At higher engine powcrs, opcrating considerations made it
impracticable to vary appreciabiy the fuel-air ratio and honce the
exi:aust-gas tcemperature. During flight 13 at 1ll5-percent rated

engine power, 2 varlacﬁov of 60° F was as wide a change in exhaust-
gas +ouﬁzraturo as was feasible to obtain. In this interval the
turbine tomperature cnunoed more rapidly with cxhaust-gas tempera-
ture than at cruising power, Because of the narrow tomperature
range involved, howevor, this increased rate of change has little
significance.

The power demand upon the turbosupercharger was increased
during flight 15 by bleeding air from the compressor-outlet duct,




10 NACA TN No, 1159 “

The turbine temperatures at the cuter edge of the rim averaged

140° 7 above those observed at comparable exhaust-gas temperatures
during flight 12 (fig. 5). TInasmuch as engine power conditions

were the same on both flights, alrspeed, and hence air flow through
the cooling cap, were almost the same. Turbine speed during

flight 15 was 8 percent higher; thus the effectiveness of the cooling
air was increased due to its higher velocity relative to the turbine
diglk, Aside from the differences due to this increased effectiveness
of cooling air, the differences in turbine temperatures were due to
factors resulting from the imcreased turbine load; namely, the
increase in mass flow of exhaust gases through the tur blne and the
higher relative velocity of these gases with respect to the blades.

During flight 13 at ll5-percent rated engine power, the effect
of the increased mass Flow throush the turbine was partly offset
by the greater mess flow of oea;ing air resulting from the higher
air speed. mhe turbosupercharger load wae 25 percent above that of .
flight 12 apu he cooling-air flow increased 15 percent. Increases
of 40\ to 75° F over the turbine temperatures of flight 12 were
obgerved at comparable exhaust temperatures.

3
8

o2
Turbine temperatures at the edge of the rim é;%-in. radius)
o
for a wide variety of conditions have been plotted against the
effective exhaust-gas temperatures at the blade surfaces in figure 6.
Table I presents the conditions fﬂ; each run. The rated-power and
the cruising-power runs nreviously discussed have been replotted
in figure 6 for comparison.

At an altitude of approximately 25,000 feet, three successful
runs were made, which gave turbine temperatures of 7U74“ 1069°
and 1059° F at the outer edge of the rim for rage&, ruxs1ng, and

an intermediate vower, respectively. (See fig. 4(d), 4(8), and 4(f)
end table I, flight 1G. ) Temperatures at the middle the rim
were obtained at that a»uwtuae on flights 14 and 16. ( See table I.)

Turbine temperatures were obtained for altitudes of approximately
10,0C0 and 20,000 feeL at aopproximately rated power during flights 1
and 2. -LSee table Tige

The temperature distribu
cap and the outer suriace o

conditions din figune 7, Bha
ghown in figure & for all £

tion in the gases between the cooling
L he turbine is shown for four sets of
average temperature in this region 'is
ights after flight 6.

Exhaustive attempts have been made to correlate the effects of
the various factors upon turbine temperatures but the data are
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inadequate, err ections based upon the altitude-chamber tests of
reference 1 were ineffective,

The wide temperature variations observed during flight 5

(fig. 6) may have been due to excessive temperatures of the gases
between the cooling cap and the outer surface of the turbine,

0881bly as a result of afterburning. Because this extreme tempera-
tu“e variation ¢id not occur again, no conclusions as to its cause
can be drawn, A marked resemblance exists between the plot of
turbine temperature against exlhiaust-gas temperature in figure 5 and
the plot of gas temperature between the cooling cap and the rotor
against cxhaust-gas temperature curves in figure € insofar as the
normal cruising-power flights are concerned. The differences in
rovor temperatures during flights 10 and 12 and the differences
between average gas temperatures hetween the cooling cap and the rotor
are of the same order of magnitude. This similarity may offer an
explanation of the differences in turbine temperatures during thes
two flights., The variations observed in the cooling-air flow and
the power required by the compressor do not account for these
differences.

The maximwm turbine temperatures occurring in normal operation
vould be exgeCucd at rated altitude (25,000 ft) under cruising
conditions with the leanest mixture permissible. No turbine-tempera-
ture data were obtained during the single run attempted under these
conditions. A turbine temperature of 106S~ F was obtained, however,
during a rich-mixture run at cruising power at an altitude of

(=] NEy el
25,000 feet, If the varietion of turbine temperature with exhaust-

J i
gas temperature is of the same order as observed at an altitude of

o

: - e 23
15,000 feet, the turbine temperature’at QSZ»JloA radius under lean-

nixture cruising conditions at 25,000 feet would be approximately
1175° B,

Aircraft Engine Research Laboratory,
National Advisory Comnittee for Aeroneutics,
Cleveland, Ohio, July 22, 19485.
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TABLE I - FLIGHT CONDITIONS
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own.
Altitude varied within limits shown COMMETTEE ToR. ACRBNALTICS
b 1 : = : ; , 2
The values shown for flight |7 were obtained during climb at an altitiude of approximately 24,000 feet, ~
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Figure 4, — Typical flight data. (See table | for other flight variables.)
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