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RESEARCH MEMORANDUM

ALTTITUDE-WIND-TUNNEL INVESTIGATION OF A 3000~PCUND-THRUST
AXTAL-FLOW TURBOJET ENGINE
VII - PRESSURE AND TEMPERATURE DISTRIBUTIONS

By Martin J. Saarl and William R. Prince

SUMMARY

An investigation has been conducted in the WACA Clevel and alti-
tude wi nd tunnel during whi ch temperature and pressure di stributions
t hroughout an originel and a nodifi ed 3000-pound-thrust t urboj et
engine were obtained. Data are presented for both engines for a
range of sinmulated altitudes from 5000 to 45,000 feet, simulated
flight Maeh nunbers from0.24 to 1.08, and oorreoted engi ne speeds
from 10,550 to 13,359 rpm The effects of altitude, flight Mach
nunber, end corrected engine speed or the pressure and tenperature
gistribﬂsions at eaoh neasuring station of both engines are

i scusse

Modification Of the compreasor, the combustion chanber, and the
fuel -spray nozzles of the original engine Inproved the radial total-
pressure distribution at the compressor outlet and the radial end
circumferential tenperature distribution at the turbine outlet.
Pressure and tenperature distributions at all measuring stations
t hrough t he engines, except t he campressor outl et and the turbine
outlet, were not appreciably affected by changes in altitude, flight
Mach number, or engine speed. An Increase in altitude from 25, 000
to 45,000 feet resulted in high total-pressure peaks near the
outer wall of the conpressor outlet. For the original engine, this
increase in altitude resulted i n an increase Of temperature near
the inner wall oithe turbine outlet. For both emngines, an
increase in engine speed noved the tenperature peaks at the turbine
outl et toward the root sections of the turbine blades. =Except for
slight differences i n pressure |evels, variations Of average tot81
and statlc pressures troughoutt he originel and nodi fied engi nes
wer e similar fOr comparable operating conditions.
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INTRODUCTION

An investigation has been conducted in the NACA Cl eveland alti-
tude wind tunnel to deternm ne the performence and operati onal charac-
teristics of original and nodified configurations of 8 3000-pound-
thrust axial-flow turbojet engine. Im the initial phaseof the
i nvestigation of the original engine, the engine was operated with
an exhaust-nozzl e-outl et average tenperature |imt of 1210° F.
Operation of the engine at this tenperature limt resulted in a
failure of the turbine assembly. It was found that the tail-rake
t enper at ur e measurements were not representative of ths tenperature
to which the turbi ne was subjected, ow ng to undesirabl e circum-
ferential and radi al tenperature variations at the turbine inlet.
The tenperature limt was then changed to 1375° F, as read om the
hott est thermocouple at the turbine outlet. Operation at the
revisedtenperature |imt resutedi N & second feilure of the
turbine rotor blades. It was found that the existing thermocouples
around t he eircumferenceof the turbine outlet weenot located in
regions of maximvm temperature. Additional i nstrumentation was
installed athe turbine outlet and the tenperature limt was
| owered to 1250° F, as read on the hottest thernocouple. The
i nvestigation of the original engine was completed with the
revised tenperature limt wthout further turbine failure.

In order to inprove the turbine-inlet tenperature distribution
and t hereby increase t he al | owabl e turbine-outl et temperature |imt,
t he compressor, the combustion chamber, and the fuel -spray nozzles
were nodified for the second part of the investigation. The
operating tenmperature Of the modified engine Was increased t O
1400° F, as indicated by the hottest thermocouple at the turbine
outlet.

The investigati on was conducted over a w de range of sinulated
altitudea, sinulated flight Mach nunbers, amd engine speeds.
Anal yses of turbi ne performence, compressor performance, combugtion-
chanber performance, operati onal characteristics,over-8ll engine
performance, and inlet pressure |osses are presented in refer-
ences 1 to 6, respectively.

Data are presented herein to Show the effect of altitude,
flight Mach number, and engine speed on pressure end temperature
distributions at each measuring station within the original and
nodi f i ed configurations. The data presented for both engines have
been general i zed to NACA standard sea-Ievel conditions.
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DESCRIPTION OF ENGINES

The X24C-4B turboj et engine used in this investigation has a
static sea-level thrust rating of 3000 pounds at an engine speed of
12,500 rpm. At this rating the sir flow is approxi mately 58.5 pounds
per second and the fuel comsumption is 3200 pounds perhour. Ths

over-all length of the engine is 119% inches, t he maximum diameter

is z&i- inches, and the total welght i S 1150 pounds. The main can-

ponents Of the engine include an ll-stage axial -fl ow compressor, a
double-annulus COnbusti on chamber, a tWo- St age turbine, and a fixed-
area exhaugt nozzl e.

The mein compoments Of the two engines used in this investiga-
tion Were sinilar exeept for nodifications nade to t he compressor
and t he combustion chamber by t he manufacturer.The compressor was
nmodified to improve the radi a?l velocity distribution at the com=-
pressor outlet by twisting the el eventh-stage rotor blades, in the
direction of reduced angl e of attack, 3° at the midspan and 6° at
the bl ade tip.

The ocombustion chamber was modified to improve the temperature
distribution at the turbine Inlet by omitting the wal | perforations
of the fourth step of the combustion-chamber linerand repl aci ng
the holes 1n the third step with a single row of large rectangul ar
hol es, the area of which equalled t he total area of the third- and
fourth-step holes in the original liner. The bl ocking area of the
screens at the combustion-chamber i Nl et was reduced. For the
original configuration, a screen havi ng 60-percent blocking area was
installed in the Oout er annulus and one havi ng 40-percent blocking
aree was installed in the internedi ate annulus. For the nodified
engi ne, these screens Were repl aced by sereens having 30-percent
blockingarea. |n orderto obtain a nore uniform circumferential
tenperature distribution at the turbine inlet, fuel nozzles of a
different type were installed in the nodified engine. The fuel
nozzles for the original emgine had a ratedcapacity of

7% gal | ons per hour at a differential pressure Of 100 pounds per

square inch, as compared to 7 gallons per hour for the nozzles in
the nodified engine.

As a result of these modifications, the operating temperature
limt, as indicated by the hottest thermoccouple at the turbine
outlet, was raised from12s0° F for the original engine to 1400° F
for thenodified engine. A reduction in exhaust-nozzle-outlet area
from 183 square inches for the original engine to 171 sguare inches
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for the nodified engine was consequently required to obtain the
higher tenperature [imt. Mre detailed descriptions of the engines
and their components are presented in references 1 to 5.

| N- ON AND I N-1CN

The engine was Installed in a wing nacelle in the test section
of the altitude wind tunnel (fig. 1). Compressor-inlet pressures
corresponding t 0 high flight Mach nunbers were sinul ated by
introducing dry refrigerated air from the tunnel make-up alr system
t hrough a duct to the engine inlet. This air was throttled from
approxi mately sea-level pressure to the desired pressure at the
compressor inlet While the statie pressure in the tunnel was nain-
tained to correspond to the desired altitude. The duct was
connected t0 the engine inlet by neans of a slipjoint with a
| abyrinth seal, which permtted engine-thrust and installation-
dr ag measurements t 0 be nade with t he tunnel balance scales.

Tenperat ure and pressure measurements Were obtai ned at several
stations through the engine (fig. 2). Drawlngs of the i nstrunenta-
tion at the conpressor inlet, the compreasor outlet, the turbine
inlet, the turbine statorstages, the turbine outlet, and the
exhaust-nozzl e outlet are presented in figures 3 to 8, respectively.

PROCEDURE

Pressures and temperatures throughout the engine are presented
for simulated altitudes from 5000 to 45,6000 feet, sinulated flight
Mach nunbers from 0.24 to 1.08, and corrected engine speeds from
10,550 to 13,359 rpm. For nost operating conditions, the inlet-air
temperature was hel d atapproxi matel y NACA standard val ues corres-
ponding to the sinulated flight comditions. No inlet-air tempera-
tures bel ow approxi mately -20° F, corresponding t0 high al titude
aud low flight Mach nunber, were obt ai ned.

Temperatures were measured and recorded by two self-balancing
potentiometers. Pressures were measured by water, alkeazense, and
mercury mancmeters and were photographically recorded. The engine
speed was set by neans of a stroboscopic tachometer.

RESULTS AND DISCUSSION

Data are presented t 0 show the effect of altitude, f£light Mach
number, and corrécted engine speed on the pressure and temperature

944
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distribution at each neasuring station and on the variation of aver-
age pressures t hroughout the original end nodified enginea. I n order
to provide a basis for conparing the engines, the data for both

engi nes have been generalized to standard eea-level conditions by
the use of the factors & (ratio of absolute total pressure at com-
pressor i nlet to absol ute static pressure corresponding t 0 NACA
standard atmosphere at sea level) and & (ratio of absolute

i ndicated total tenperature at compressor inlet to ebsolute static
tenperature of RACA standard atnosphere at sea | evel). Pressure
and tenperature distributions are presented for both engine8 at
camparable simulated flight comditiomse. The effect of altitude_at

a flight Mach number of 024and a corrected engine speed ¥/ Ae
ofapproxi mately 12000rpm is presented for sinmulated altitude8
from 5000 to 45000 feet. The effect of flight Mach nunber &t an

al titude of25,000 feet and a corrected engi ne speed of approxi -
mately 12,700 rpm is presented for flight Mach number8 of 0.53 to
1.08. The corrected engi ne speeds at which the effects of alti-
tude and flight Mach nunber are showm were the maximum speeds at

whi ch comperable data wereobtai ned over the camplete range of
conditions for both engines. The effect of engine speed at a flight
Mach number of 0.53 end an altitude of 25,000 feet 1is presemnted for
corrected engi ne speeds fram 10,550 to 13,359 rpm

Campressor Met

The radi al distribution of total pressure, static pressure,
and | ndi cat ed temperature at the compressor inlet is shown in fig-
ure 9 for the original and nodified engines. Total - and statio-
pressure levels for both engines were nearly the same at each
operating condition. The maximum verlatlom of tenperature levels
bet ween the two engine8 at any operating conditions was about 15° F

Total -pressure, static-pressure, and i ndi cated-tenperature
distributions were uniform eacross the passage for both engines at
all operating conditions investigated, W th t he exception of
Flightly | ower total pressures near the wall8 due to the boundary

ayer

Campressor Stator Stages

The variation of corrected static pressure Pz/8 at the com-

pressor stator stages is shown in figure 10 for the original and
modi fi ed engines. Contlnuous pressure rise was obtained throughout

the stages of the compreasor of both engines for the operating
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oondi tiona shown. An increase in altitude beyond 25,000 feet
increased the over-all oorrected pressure through the compreasor.
Increasing the flight Mach nunber from 0.53 to 1.08 did not appreci-
ably affect t he general pressure distribution through the first

ei ght compressor stages; frthe remaining stages, an increase in
flight Mach nunber reduced the pressure level. For the nodified
engine (fig. 10(b)), the corrected engi ne speeds at flight Mach
nunbers of 0.53 and 1.08 were somewhat lower than at the comparable
conditions for the original engine, and consequently, the pressure
|l evel s are not in the same sequence with increasing flight Mch
number as shown for the ori gi nal engine. Inoreasing the corrected
engi ne speed |owered the static pressure at the first-stator stage
as a result of the increased velocities through the inlet guide
vanes, W Sting the eleventh-stage rotor blades had no appreciable
effect on the static-pressure rise across that stage. The effects
of altitude, flight Mach nunber, and engine speed om the corrected
atatio-pressure distributions through the compressors were simlar
for both engines.

Campressor Qut | et

Average radial distributicna of total pressure P4/8atthe
compressoxr outlet are shown in figure 11 for both engines. Inas-
much as no appreciable radi al or circumferential variation in
static pressure occurred at any operating comditiom, only the
aver age ocorrected static pressure pg/d i's shown.

For the original engine (fig. 11(a)), the corrected tota
pressure and the average static pressure were approximately equa
for a distance of 3/4 inch from the inner wall of the passage at
each al titude, which indicated | ow veloeity and air flow. Fran
this point, the corrected total pressure increesed rapi dly across
the passage and, for altitudes up to 25,000 feet, peak total pres-
sures were obtained at approxi mately 3/4 inch from the outer wall.
At an altitude of 45,000 feet, the total-pressure peak increased
in nagni tude and noved nearer the outer wall. For the nodified
engine (fig. 21(b)), the tot& pressure peak at an altitude of
5000 feet occurred in the cemtral part of the compressor-outlet
passage and at an altitude of 45,000 feet the total-pressure peak
noved outward to approxi mately 3/4 inch from the outer wall. The
total and static pressures near the inner wall, however, were
approximately equal, as in the original engine.

The total -pressure diestribution fOr the original engine was
not appreciably affected by changes in flight Mach numberexcept
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.
near the outer wall, where, at the high flight Mach nunmber, the
corrected total pressure was |ess than the peak corrected total pres-
sure. For the nodified engine, the "total -pressure distributions for
flight Maeh nunbers of 0.53 and 0.87 were sinilar, with the peak
occurring 3/4 inch fram the outer wall; however, at a flight Mach
number of 1.08 the total-pressure peak occurred in the central part
of the passage.-

For both engines, the total-pressure peak noved from the center
O the passage at the lowest corrected engine speed to 8 poi nt near
the outer wall at the highest corrected engi ne speed. For the
Original engine, the peak total pressure at maximum engine speed
occurred about 1/4 inch from the outer wall; whereas for the modi-
fied engi ne the total - pressure peak occurred about 3/4 inch from
the outer wall.

In general, nodifying the compressor shifted the total -pressure
peak toward the center of the compressor-outlet passage but did not
appreci ably affect the pressure distribution near the inner wall.

Turbine Inlet

Crcunferential distribution of corrected total pressure- Ps/8
at the turbine inlet is show in figure 12 for the original and
nodi fied engines. The total-pressure distribution was uniformfor
both engines at all operating oonditions. Changes in altitude,
Tligpt Mach number, or engi ne speed affected only the pressure
evel .

Turbine CQutl et

Total-pressure di Stributions at the turbine outlet are
presented in figure 13 for both engines. The static pressure shown
for each operating condition i S en average of three static-wall-
orificeneasurenments. In general, the corrected total pressure P7/8
increased across the pasesage from the inner wall to the outer wall
For the modified engine (fig. 13(b)), the rapid increase in tota
pressure near the outer wall s attributed to the reduced bl ocking
area of the screen at the inlet Of the Quter amnulus of the combus-
tion chanber. The distribution for both engines was not greatly
affected by changes in operating conditions.

The radial distribution of corrected turbine-outlet tenpera-
ture Ti,7/9 at three eircumferential positions for altitudes

TR
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from 5000 t0 45,000 feet i s presented i N figure 14 for t he originsl
and nodified engines at a flight Mach number of 0.24 and a corrected
engi ne speed of about 12,000 rpm The turbine-outlet temperature
distribution for the original engine (fig. 14(a)) was not affected,
except near the outer wall, when the altitude was increased from
5000 to 25,000 feet. At an altitude of 45,000 feet, the tenperature
at the inner wall increased with respect t o t he temperature at the
outer wall to such an extent that the highest tenperatures ococurred
in the vicinity of the turbine-blade roots. For the modified engine
(fig. 14(b)), the temperature distributions neasured by each rake
were Sinmlar for the range of altitudes investigated. For both

engi nes, an Increase in altitude from 5000 to 25,000 feet generally
resulted in a snmall increase in the corrected tenperature | evel.

I ncreasi ng the altitude beyond 25, 000 feet, however, considerably

| ncreased t he temperature | evel .

The radial distribution of corrected tenperature at the
turbine outl et for £light Mach numbers from0.53 to 1.06 i S pree-
sented in figure 15 for both engines at an altitude of 25,000 feet
and a corrected engi ne speed of about 12, 700 rpm. For both
engi nes, changes in flight Mach nunber did not affect the tenper-
ature distribution. Anincrease In flight Mach number decreased
the corrected tenperature |evel except at a flight Mach nunber
of 0.87 for the nodified engine. The correoted engi ne speeds at
fl1ight Mach nunbers of 0.53 and 1.06 for the modified engi ne were
somewhat |ower than at the conparable conditions for the origina
engine and, consequently, the tenperature | evels are not in the
same sequence with increasing flight Mach number as shown for the
original engine

The effect 0f corrected engi ne speed on the radial distribu-
tion of corrected indicated tenperature at the turbine outlet is
shown in figure 16 for both engines at an altitude of 25,6000 feet
and 8 flight Mach nunber of 0.53. Increasing the corrected engine
apeed noved ‘the temperature peak toward the root sectlons of the
turbine bl ades. However, this effect was more pronounced for the
original engine than for the nodified engine. At the highest
engi ne speed for the nodified engine (fig. 16(b)), the maxi mumtem
perature at each rake position occurred in the central part of the

bassage,

The effects of altitude, flight Maeh nunber, and corrected
engi ne speed On t he average radisl turbine-outlet temperature di S-
tribution are shown in figure 17 for both engines. The nmaxinum
variation of average tenperature across the turbine-outlet passage
at any flight condition for the original engine M5 about 160° F
The hi gh tenperatures that occurred near the inner wall at high
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altitude and hi gh engine speed for the original engine were undesir-
<.~ able from bturbine-blade stress comsiderations. Wth regardt 0 bl ade
ceme Tangbress, it-iS desirabl e to have the lowest temperatures near the
bl ade roots and t he peak temperature near the blade tips. For the
nodi fi ed engine (fig. 17(b)}, stemperature peak existed in the
central part of the passage for all operating conditioms. The tem-
perature di stribution fort he modified engine corresponded more
closely to the aforementi oned design temperature di stribution.

The circumferential di stribution of corrected indicated tenper-

atureatsdi st ance Of l% inches from t he tail-pi p8 outer wall is

shown in figure 18 at each operating conditiom for the original end
modified engi nes. Values for the circumferential distribution were
obtai ned from the three rakes and the individual thernmocouples shown
infigure 7. ZLarge circumferential temperature variations occurred
at alloperating conditions for both engilnes. An ingpection of the
t ur bi ne- st at or- bl ade assemblies showed discoloration around t he
circumference, Whi ch indicate t he presence (f t he temperature
irregularities shown at +ths turbine outlet. Furthermore, it is
believed that the distribution at the turbine inlet was even nore
irregul ar than indicated by turbine-outl et measurements, inasmuch
as the magnitude of the temperature variations was reduced by m xing
i n passing t hr ough the turbine rotors. The circumferential tenpera-
ture distributions of both engines were not greatly affected by 8
change i n altitude from 5000 to 25, 000 feet. An increase in alti-
tude t 0 45,000 feet raised the temperature | evel and resulted in
scmewhat hi gher temperatures in the |ower part of the turbine outlet
than in the upper part. This tenperature difference was probably
caused by unequal fiow from the upper and lower fuel nozzles. The
difference in head Of fuel between the top and the bottom O the
fuel manifold, together with the | ow fuel-manifold pressure
accompanying hi gh-al titude operation, resulted i n decreased fuel

fl ow and poor atomization from t he top nozzles.

Changes in flight Mach nunmber had no effect on the eircum-
ferential di stribution of corrected indicated temperature at t he

t urbi ne outlet of either englne. Except for the change in tenpera-

* ture | evel, wvariation O corrected englne speed had no appreciable
ef fect on the circumferential temperature distribution of either

engi ne

Modification of the original engine resulted in 8 nore Uniform
temperature distribution over a greater part of the turbine-outlet
eircumference, but di d not reduce the peak temperatures.
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Exhaust-Kozzle Qut | et

The effect of altitude, flight Mach number, and corrected
engine speed an the distribution Of corrected total preassure Pa/B 3
static pressure pg/8, and indi cated temperature Ty, a/e, at the
exhaust -nozzle Qutlet 18 shown in figure 19 for the original and
modified engines. The corrected total-pressure di Sstribution Was
reasonably symmetrical about the cemter line of the Jet at all
operating conditions for both engines. In all cases, the total
pressures at t he center of the jet \Were lower than at the wall of
the exhaust nozzle. The corrected temperature was reasonably
uniform across t he upperhalfof the exhaust nozzle at 811 flight
conditions, except atan altitude of 45,6000 feet. At 45,000 feet,
the decreased temperature in the upper part of the exhaust nozzle
relative to t he center Of the jJet can be attributed to poor fuel
distridbution at high al titudes.

Engine Profile

The varlations of average total and static preasures through
t he original and nodi fi ed engines f or 811 operating oonditions
previously discussed are shown in figures 20 to 22. Except for
slight differences in pressure levels, t he over-all pressure dis-
tributions f or the original and nodified engines were Simlar at
comparable oper ati ng conditions.

SUMMARY OF RESULTS

The fol lowi ng results were obtained from an investigation Of
original and modified configurationas f 8 3000-pound-thrust axial-
flow turboj et engine in the Cleveland altitude wind tunnel at simu-
lated al titudes from 5000 to 45,000 feet, simulated £light Mach
numbers from 0.24 to 1. 08, and corrected engine speeds from 10, 550
to 13,359 rpm:

1. Modification of the compressor, t he combustionchamber, and
the fuel nozzles (f the Ori gi nal engine improved t he radial total-
pressure distribution at t he compressor outlet and t he radi al and
circumferential temperature distributions at t he turbine outlet.

2. Pressure and temperature distributions at all measuring
stations, except t he compresasor Qutlet and the turbine outlet, were
not great |y affected by changes in altitude, flight Mach nunber, or
engine speed. An increase in altitude from 25, 000 to 45, 000 feet
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resulted in high total-pressure pesks near the outer wal | of <the
compressor-outlet passage of both engines. For the original engine,
this increase in altitude resulted in an increase of temperatures
near the inner wall of the turbine outlet. Increasing the corrected
engine speed moved t he temperature peaks et the t urbi ne outlet toward
t he root sections of the turbine bl ades. This effect was nore
pronounced for the original engine than for the nodified engine.

3. Wth the exception O Slight differences in pressure levels,
t he veriations of average total and static pressures throughout the
original and nodified englnes were simllar fOr camparable operating
condi tions.

Fl i ght Propulsion Research Laboratory,
Nati onal Advisory Committee for Aeronautics,
C evel and, Onio.
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First stage
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blade.
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