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ALTITUIE-WIND-TUNNEL INVESTIGATION OF A 3000-POWND-THRUST
AXTATL-FLOW TURBOJET ENGINE
I - ANALYSIS OF TURBINE PERVORMANCE

By Earl W. Comrad, Robert O. Dietz, Jr.
- and Richard L. Golleday

SUMMARY

An investigation has been conducted in the KACA Cleveland albti-
tude wind tunnel to determine the performance of a turbime operating
as an Integral part of a turbojet engine. Turbine performance data
were cobtained while the engine was run over its full operable range
of speeds at various simulated altitudes and flight Mach numbers and
with four nozzles of different outlet area.

An analysis of the turbine performance date showed that the
turbine was effectively utilized in the standard installation, A
maximm turblne efficlency of 0.875 was obtained with the standard
exhaust nozzle at & simulated sltitude of 15,000 feet, a flight
Mach number of 0.53, and a corrected turbine speed of 5900 rpm.

INTRODUCTION

The performance of & turbine operating as an Integral part of
a turbojet englne 1s of interest becauss it is deslrsble to know
the capabilities of the turbine ard how effectively the turbine ia
utilized in the engine. A canplete turbojet engine was investigated
in the NACA Cleveland altitude wind tunnel and an.analysis of the
turbine performence date obtained is presented. Turbine data were
obtained over a much wider range of operating conditlons than in
previous turbine investigations in the altitude wind tunnel.

The investigation was conducted at varlous simulated altitudes
and £light Mach numbers., At each simuwlated flight condition, the
engine was run over its full operable range of speeds. The use of
four engine exhaust nozzles of different outlet area extended the
range of turbimne operation over which performance data could be
O'b'bained..
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Turbine performance data obtained for various altitudes, flight
Mach numbers, and wlth different exhaust-nozzle-outlet areas are
reduced to sea-level conditions and presented in s single plot.
Curves of conatant corrected turbine speed, conatant turblne pres-
sure ratio, and constant efficlency are shown therein,

INSTALLATION ARD INSTRUMENTATION

The engine was installed in & wing section that extemded across
the 20-foot-~diameter test section of the altitude wind tummel
(fig. 1). The modified 24C turbojet engine used in this investiga-
tion has an ll-stage axial-flow campressor, a double~annulus com=
bustion chamber, a two-stage reaction turbine, a tall pipe, and an
exbaust nozzle. The standard exhaust nozzle has an outlet area of
171 squere inches. Rated thrust of the englne ls 3000 pounds at
sea~level static conditlions and an englne speed of 12,500 rpm. The
corresponding air flow is about 58.5 pounds per second. Compressor-
inlet pressures corresponding to flight at high speeds were obtained
by intrcducing dry refrigerated air from the tunnel meke-up air
system. The air was throttled from approximately sea-level pressure
to the desired pressure at the englne inlet and was conducted to
the engine through & make-up air duct. A frictionleas slip Joint
in the make-up &ir duct permitted the measurement of thrust with
the wind-tunnel balance-scale system.

The two-stage reaction turbine delivers approximately
5000 horsepower when the engine 1s operating at sea-level rated con-
ditions. The blade-tip diameter of both turbine rotors is
20,813 inches. A detall drawing of the turbine lnstallation pre-
senting other pertinent dimensions is presented in figure 2. Both
the first-stege stator (fig. 3(a)) and the first-stage rotor (fig. 4)
of the turbine have 55 blades; the second-stage stator (fig. 3(b))
has 54 blades, and the second-stage rotor (fig. 4) has 34 bladea.

Four exhauat-nozzle configurations were used durlng the invea-
tigation. With one configuration, exhaust gases were discharged
from the straight tail pipe, which had an area of 330 square inches.
With the other three configurations, nozzles 20 inches in length
wore used, These nozzles tapered uniformly from an area of 330 square
Inches to outlet areas of 232, 189, and 171 aguere inchea. Rated -
conditions were obtalned with the 17l-aguare-inch nozzle.

Instrumentation for the measurement of pressures and tempera-
tures was installed at several stations through the englne (fig. S).
. The methods of calculation used to determine turbine performance
from these pressures and temperatures are given in the appendix,

LOTBERENDRAT;
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RAKGE OF INVESTIGATION

Engine performance data were obtalned at similated altitudes
of 15,000, 25,000, 35,000, and 45,000 feet and a flight Mach number
of 0.53. At a simulated altitude of 25,000 feet, the engine was
operated at flight Mach numbers of 0.26, 0,53, 0.72,and 0.86. At
each glmulated flight condlitlon, the engine was run over the full
operable range of speeds. Dete were cbtalned over thls range of
conditlions with each of the four exhaust-nozzle configurstions.

RESULTS AND DISCUSSION

Date obtained with the turbine operating as an integral part
of the turbojet engine over a wide range of simulated flight condi-
tions and with four exhaust-nozzle configurations were plotted to
determine the variation in the baslc turblne-performance parameters
with corrected turbine speed. These curves containing the data for
all operating conditlons were used to make a composite plot showing
efficlency contours and lines of constant corrected turbine speed
and constent turblne préssure ratio on coordinates of corrected
enthalpy drop per pound and gas-flow factor (fig. 6). Twbine per-
formance lg completely deflned at eany point on this composite plot.

The curves cm the turbine~-characteristic plot (fig. 6) were
drawn through the average of the generalized data points. Certsin
efficlency contours were discontinued in the reglon of a corrected
turbine speed of 6500 rpm because the data In this region were
insufficlent to define clearly the posltlon of the contours. A
geparate region of high efficiency located In the vicinity of =
corrected turbine speed of 7000 rpm was partly defined by the
avallable data. The presence of this high-effliclency reglon 1s
indicated by the date shown 1ln flgure 7.

Choking in the exhaust nozzle resulted in & repld rise in tur-
bine temperatures and pressures as the engline speed lincreased.
Consequently, over the normal operating engine-speed range (1Q,500
to 12,500 rpm) the increase in corrected turbine speed was very
small, but there was an appreciable increase in turbine efficlency
(fig. 7(a2)). The higher turbine efficlencies are attributed to =
higher ratio of useful work to the relatively fixed turbine losses
and changes in the state of the working fluld =s evlidenced by the
change in the ratio of specific heats (figs. 7(b), 7(c), and 7(d)).
This increase in effliclency has been corroborated by other data
taken at varlous sltltudes, flight Mach numbers, and with different
eXhaust-nozzle areas.
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For a fixed twrbine speed, the work required by the campressor
per pound of alr incredsed with altitude, thereby causing the shift
in turbine operating lines shown in figure 8(a) (flight Mach number
of 0.53 and standard exhaust-nozzle-outlet area). The shift in the
turbine operating lines caused by changes in flight Mach mumber
(fig. 8(b)) and exhaust-nozzle-outlet ares (fig. 8(c)) also resulted
from changes in the power requirements of the compressor. Inasmuch
as the highest over-all turbine pressure ratio obtalned was about
2.6 and a two-stage reaction turbine was used, no choking occurred
in the turbine.

The effects of altitude on turblne efficlency are shown in
figure 8(a), in which the turbine operating lines for sirmlated
altitudes of 15,000 and 25,000 feet are near the reglon of maximum
efficiency, whereas the operating lines for higher altltudes are in
regions of successively lower efficiency. The turbine operating
line for a flight Mach nuwmber of 0.53 1s in the region of high effi-
clency over the normsl range of englne operating speeds (corrected
turbine speeds above 6000 rym). (See fig. 8(b).) The position of
the opsrating lines for varlous flight Mach numbers 1s such that
turbine efficlency lncreased as flight Mach number was ralsed fxrom
0.26 to 0.53 and then decreased &8 the flight Mach number was
ralsed fram 0.53 to 0,86, Over the normal range of engine operation,
the operating lines for the standard 17l-square-inch exhaust-nozzle
configuration and the 188~-square-inch exhaust-nozzle configuration
are in the region of highest efficlency (fig. 8(c)). Operating
lines for the 231- and 330-square-inch exhaust-nozzle configurations
are in regions of lower turbine efficiency.

The peek efflclency was obtalned at an altituwde of 15,000 feet,
& flight Mach number of 0.53, and with the standard l7l-square-inch
exbhaust nozzle, This efficlency of 0.875 occurred at a corrected
turbine speed of 5900 rpm.

An examination of the positions of the various turblne operating
lines relative to the reglon of maximm efficiency (fig. 8) shows
that the capabllities of the turblne are effectively utilized in the
standard instellation used in thils investlgation.

~

SUMMARY OF RESULTS

From an investigation of a complete turbojet engine in the
Cleveland altitude wind tunnel under simulated conditlons of altitude
and flight Mach number, the turbine performance ls summexrized as
follows:

907



Los

NACA RM No. E8A23 GalSaanmniis : 5

1. The capabilities of the turbine are effectively utilized in
the standard installation used in this investigatlon.

2. A maximm turbine efficlency of 0.875 was obtalned with the
standard 17l-square-inch exhaust-nozzle-ocutlet area at a simulated
altitude of 15,000 feet, a flight Mach mumber of 0.53, and a cor-
rected turblne speed of 5900 rpm.

3. Over the normal operating range of speeds, the turblne
efficiency (a) decreased as the altitude was raised fram 25,000 to
45,000 feet, (b) increased as the flight Mach muber was raised
from 0.26 to 0.53 end then decreased as the flight Mach number was
raised from 0.53 to 0.86, and (¢) decreased as the exhaust-nozzle-
outlet area was increased from 189 to 330 square inches.

Flight Propulsion Ressarch Lsboratory,
National Advisory Commlttes for Aeronautics,
Cleveland, Ohlo.
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APPERDIX - CALCULATIONS
Symbols
The followlng symbols are used in the calculations:
cross-gsectional area, sq £t
specific heat at constant pressure, Btu/(1b)(°R)
acceleration due to gravity, 32.17 £t/sec?
enthalpy, Btu/lb
mechanical equivalent of heat, 778 f£t-1b/Btu
slmulated flight Mach number
engine speed, rm
total pressure, lb/sq £t absolute
static pressure, lb/sq £t absolute
gas constant, 53.3 Btu/(1b)(°R)
total temperature, CR
indicated temperature, °R
static temperature, °R
veloocity, £t/sec
air flow, 1b/fsec
fuel flow, 1b/sec
gas flow, 1lb/sec
thermocouple impact-recovery factor, 0.85

ratio of speciflc heats

pressure correction factor, Pg/2116 (turbine-inlet total
pressure divided by NACA standard sea-lovel pressure)

SN
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Ny  turbine efficiency

65 ‘temperature correction factor, 7gTg/(1.40 X 519)(product of 7
and total temperature at turbine inlet divided by product
of 7 and total temperature for air at NACA standard ses-
level conditions)

6L  temperature correction factor, (total temperature at turbine

inlet divlided by total temperature for alr at NACA standard
sea-level condlitions)

p density, slugs/cu £t

Subscripta:

c compressor
t turbine
cowl inlet

compressor inlet

a M

turbine inlet

7 turbine outlet

Methods of Calculation
Ges flow. - The gas flow 1is glven by the following squation

where the alr flow Wy was determined from pressure and temperature
measurements at the cowl inlet (station 1) by use of the equation

71-1
PlAl 41
Wy = gP1A Ty = = ( > - (2)

and the fuel flow Wf was measured. by the use of a callbrated
rotameter.
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Temperatures. - Static temperature was calculeted from the
indicated temperature by use of the equation

l+a (2)7 -1

The thermocouple Impact-recovery factor o was found to be
0.85 from calibration tests,

Total temperature was determined by the adlabatic relation
2=l
I.(2) 7 (4)
+ D

Direct measurement of the turbine-inlet temperature ls difficult
because of radiation effects, but it may be evaluated with felr
accuracy by the followlng indirect method:

When accessory power and bearing frictlon are neglected, the
turbine power equals the power requirement of the compressor, which
ie given by W opAT, or WpAH;., The power extracted by the turbine

18 WghEy.
Wy, ’
A, = AR, <v'r;> (5)

The campressor work AH, is obtained from temperature measurements
at the inlet and outlet of the compressor. With the value of

from equation (5) and the measured value of turbine-outlet tempera-
ture, the enthalpy and therefore the turbine-inlet temperature Tg

may be obtained from enthalpy charts. Values for Tz obtained by

this method are slightly low because scme bturbine power is used to

drive the englne accessories.

Efficiency. - Adlabatic turbine efflciency was calculated using
the equation
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Ny = (s)
% 7e-1

-G

Values of 74 were based on the average temporature of the geses
flowing through the turbine and the fuel-alr ratio., The fuel-air

ratio was determined from the alr flow (equation (2)) and the
measured fuel flow..
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Figure 2. = Sectional view of turbine showing pertinent dimensions.
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{a) First stage.

Figure 3. - Inlet side of stator blades of turbine.
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Pigure 3. = Concluded.
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{b) Second stage.
Inlet side of stator bledes of turbine.
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Figure 4. - Turbipe-rotor assembly.
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Station 1, cowl inlet

ombustion chamber

Compress Turbine

Station 4, campressor outlet

Station 2, compressor inlet

Station 7, turbine outlat

8tation 5, turbine Inlet

Station 8, exhmugt-nozzle outlet

Station | Total- Static- | Wall statlio~| Thermo-
preasure | pressure | pressure oouplas
tuben tubes arifices
1 16 3 < 6
a 16 a 4 5
4 15 6 6 &
B 4
7 10 3 52
8 8 3 4 16 W

Flguore 5. - Gross pection of turbojet englne showing ptations at which instrumentation vas installed.
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Corrected enthalpy drop, (AH)/8g, Btu/lb
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