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NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

ATTTTUDE-WIND-TUNKEL IRVESTIGATION OF A 35000-POUND-TERUST
AXTAL-FIOW TURBOJET ENGINE
IT - ANALIYSIS OF COMPRESSOR FPERFORMANCE

By Robert 0. Dietz, Jr., Joseph J. Berdysz
and Ephraim M. Howard

SUMMARY

An investigation was conducted in the NACA Cleveland al ti tude
wind tunnel t 0 determine t he performance of an original and a
modified compressor operabting as an iIntegral part of a turbojet
engine. Compressor performance data were obt ai ned while t he
turboj et engine was run over its ful| operable range of engine
speeds at various simmlated altitudes and flight Mach numbers.

The use of four different exhaust-nozzle-outlet areas on the
engine extended the range of compressor operation.

Operating lines for both the original and the modified com-
pressors lay on the high air-fl ow side of the region of maximum
coampresscr efficiency. Over most of the nornal operating range of
corrected engi ne speeds ,compressor efficlency decreased as (a) the
altitude was raised,- (b) the £light Mach nunber was raised, (c¢) t he
exhaugt-nozzle-outlet area was increased. Varistioms in t he com-
pressor performance characteristics with flight condltiona were
attributed to the effects of changes in Reynol dS number.

Amore nearly uniform radial distribution of the axtal vel oc-
ity at the compressor outl et and slightly hi gher stator-stage
static-pressure rati os were obtalned With the modified compreasor
t han with t he originel campressor. H gher maximum efficiencies
wer e obtained with the modified than with the ori gi nal compressor.

INTRODUCTION

Poerformance data for two ll-stage axial -flow compressors have
been obtained fram an investigation of a complete turbojet engine
having a thrust rating of 3000 pounds over a range ofsSi mul at ed
£light conditionsin the EBACA Cl evel and altitude wi nd tunnel. The
use of four different exhaust-nozzle-outlet areas extended the
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range Of engine-component operations over which performance dat a
ooul d be obtained. An analysisof the turbine performance data
obt ai ned i n this investigation is presented in reference 1.

The original compressor and a modifled compressor each oper-
ating as an integral part of the engine were investigated and the
resulta are presented herein. Compressor characteristics were
I nvestigated t o determine t he effectas of variations in altitude,
flight Mach nunber, and exhaust-nozzle-outlet area on compressor
performance and t 0 determine how effectively the compressors were
used in the engine. Compressor performance is presented as a
function of air fl ow and engi ne speed, both of which are corrected
to sea-level conditions. Performance characteristica of t he orig-
inel and modified compressors are coampared and the effect of
Reynolds nunber om bot h compressors is showm.

COMFRESSORS

The original and modifled compressors are ll-stage axial-flow
types and hendle about 58.5 pounds of alr per second at t he rated
engine speed Of 12,500 rpm Wi th standard sea-| evel conditions at
the Inlet. At this condition the compressor pressure ratio ie
about 3. 8.

Each compressor ha8 five principal components: i nl et sectiom,
split stator casing, rotor, blading, and annul ar diffuser (fig. 1).
Both compressors ar € similar with the exception Of the el event h-
rotor-stage blading. In the revised configuration, t he compressor
was modified by reducing the load on t he eleventh-stage rotor
bl ades 1a order to obtain a more nearly uniform velocity distribu-
tion at the compressor outlet. This reduction was accomplished
by twisting the blades in the direction of reduced angl e of attack
30 at the midspan and 6° at the tip.

The I ength of the 1l1-stage rotor (fig. 1) fromthe front face
O the first-stage rotor disk to the rear face O the el eventh-
stage rot or disk 1s 29.7 inchea and t he blading has a constant
outside diameter of 16.9 inches. The hub diameter increases from
9.4 inches at the first and second stages to 14.0 inches at the
tenth and el eventh stages.

Air enters the compressor through a single row O inlet guide
vanes, which are fitted in the inlet section. After being can-
preased, t he Sir 1is' discharged through two rows (f stralghtening °
vanes i Nt0 the annul ar aiffuser. The stator blading, t he straight-
ening vanes, amd the annul ar diffuser are parts of the split stator
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casing assembly (fig. 2). The stator bl ades are completely
Shrouded. ILebyrinth air seals that prevent | eakage around t he
stator bl ades are formed by t he inner shrouds, which fit i nto
grooves in the compreassor rotor.

INSTATLATTON ARD INSTRUMENTATION

The 24C turbojet engine has an ll-gtage axial-fldw compressor
(described i n the preceding section), a double-annulus combustion
chamber, at WO- St age reaction turbine, & tail pi pe, and an exhaust
nozzle. The rated thrust of approximately 3000 pounds is cbtained
under sea-level etatio conditions at & corrected engi ne speed of
12,500 rmm. The fuel flow at this. condition i S approximstely
3200 pounds per hour.

The engine was installed in a wing section that extended
across the 20-foot-dismeter t cat sectlion of the altitude wind
tunnel (fig. 3). Compressor-inlet pressures corresponding to
flight at high speeds wer e obtained by introducing from the t unnel
make- up ai r system dry refrigerated air that was throttled from
approxi mately sea-level pressure to the desired pressure at the
engineinlet. A frictionless Slip joint in the make-up air duct
(fig. 3) permtted themeasurement of thrust with the wind-tunnel
balance scale system.

A different engine configuration was used with each of t he
two compressors installed. The blocking area of t he sereens at
t he combustion-chanber inlet was reduced in the nodi fi ed engine.
The combustion chamber in the modified englne differed from the
ori gi nal combustion chanber in that the shape and location of the
sir-inlet holes #n the |iner were changed to inprove mixing in the
secondery cambustion Zone. The totel area of t he air-inlet holes
was the same in bot h combustion chembers. . No change was made i n
t he engine turbi ne installation. Changes in the nodified
made possible an increase in the maxi mum al | owabl e turbine-outl et
gas tenperature and a decrease i N t he exhanst-nozzle-outlet area
at which limting turbine-outlet temperatures were cbtained from
183 to 171 square inches.

Four engine exhaust-nozzle configurations Wwere used With each
caupressor. W th one configuration, exhaust gases were discharged
from the stralght tail pipe, which had an area of 330 i nches.

Wth the other three configurations, exhaust nozzl es 20 inches in
length were installed. These nozzles tapered uniformly from an
area of 330 square inches t0 outlet areas of 232, 189, and

171 inches for the engine with the modified compressor and to0 280,
232, and 183 square inches for the engine wWith the original
compressor.

wE e oA T
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Instrumentation for the measurement of pressures end t enper a-
tures WSS installed at several statioms through the engine (fig. 4).
A cross section of the pl ane of survey at the conpressor inlet
(station 2) showing the |ocation of the conpressor-inlet instru-
mentation is shown in figure 5. Compressor stator-stage static
presgures Were measured by wall orifices [ocated between the stator
blades of each stage. Several of these wall orifices Srs shown I n
figure 2, Location of the instrumentation in the pl ane of survey
at the conpressor outlet (station 4) is shown in figure 6. Al
instrunmentation was installed in a fixed position aud coul d not be
rotated to nmeasure whirl velocity componenta.

RANGE OF INVESTIGATION

Caupr essor performance data were obtained for engine opera-
tion at sinulated altitudes of 15,000, 25,000, 35,000, aud
45,000 feoet and a flight Mach number Of 0.53. At a simlated
altitude of 25,000 feet, the engine was operated at flight Mach
nunbers of 0.53, 0.86, and 1.08. At each sinulated flight condi-
tion, the engine was run over the full operable range of speeds.
This procedure wss enployed with each of four exhaust-nozzle con-
figurations for bot h compressora.

RESULTS AND DISCUSSION

The compressor performance data presented represent a wide
range of conpressor operation. Data obtained with the original
and modified compressors operating as integral parts of the turbo-
Jet engi ne at vari ous simulated flight conditions and with four
exhaust-nozzl e configurations were plotted in the formof com-
pressor operating | i nes; that is, compressor pressure ratio was
plotted as a function of corrected alr flow and corrected englne
speed. Typical exanples of these curves are given in figure 7.
These data were al so plotted to deternmne the relation between
compressor efficiency (equation (1) of the appendix) aud cor-
rected air f£low (fig. 8). Curves conteining the data for all
operating conditions were used to make composite pl ot s of cam-
Ireasor performance characteristics, au exemple of which is
shown in £igure 9.

With both originsl and modified compressors, a change in
altitude caused the efficiency contour8 and |ines of comnstant
correct ed engine speed to shift with respect to the basi C parsm-
eters of t he compressor-characteristic curve (fig. 9). Asinilar
shift of the ef ficiency contours aud lines of corrected engine

i WL e ATV
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speed was caused by a veriation in flight Mach nunber (fig. 10).
Scatter of the points taken fromcross plots of the data for the
modi fi ed. compressor precludes separation of the constant corrected-
engi ne-speed 1ines (fig. 10(d))}. For clarity, some Internediate
efficiency contours snd the contour of meximum efficiency are
camitted in figures 9 and 10.

An increase in altitude cansed a change in the compressor
characteristic curves that was qualitatively sinmilar to the change
produced by a decrease in £iight Mach nunber. Roth changes cause
decreases in the Reynol ds nunber of the air flow ng through the
conpressor. The change in Reynolds number for the range of alti-
tudes presented is nore than twice that for the range of flight
Mach numbers. Figures 9 and 10 show that t he change in the char-
acteristic curves is comensurate with the change in Reynol ds
number. The effects of changes I n altitude and £iight Mach number
on the conpressor-perfornmance characteristics may be attributed to
t he changes in the aerodynamic characteristics of the compressor

"blading t hat accompany chenges i n Reynol ds nunber.

A comparison of the performance characteristics of the orig-
i nal and modified compressors at an altitude of 25,000 feet and a
flight Mech number of (. 55 s presented in figure 11. Coampressor
operating lines with the minimum-area exhaust nozzle for each com-~
pressor are superinposed on these characteristic curves. The
operating line for the nodified conpressor is slightly to the left
of the operating line for the origi nal compressor. The change in
the conpressor characteristics is such that the maximum efficiency
obt ai nedwi t h the modified campressor was about 1 percent higher
than t hat obtained with t he original campressor.

Typi cal examples of the radial distribution of the axial
velocity at the compressor outlet for both the original end nodi-
fi ed compressors show that the attempt to reduce the nonuniformity
of the axial velocity at the compreassor outlet was successful
(fig. 12).

The ratio of the static pressure at any stage to the static
pressure at the compressor inlet (station 2) °is slightly higher
for the modified . compressor than for the original compressor -
(fig. 13). For the first stage, the static pressure was | ess
than the static pressure at the inlet because of the drop in
static pressure due to increased air velocity through the inlet
gui de vanes.

[ ]
The previous di scussi on has applied t 0 compresaor character-
istics in general. Effects of variations in altitude, £light

—
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Mach number, and exhasust-nozzle-ocutlet area on the operation of the
modified compressor in the engine are shown in figures 14 to 18.
The rel ati ve changes in t he position of the operating |ines emd the
efficlency contours were such that, at a given corrected engi ne
speed, adecrease i n efficiency was experienced as the al titude
was raised throughout the full range Of correoted engimne speed
(figs. 14 and 15).

The relative positions of the efficiency contours snd the
operating lines in figures 16 and 17 show that the compressor
efficiency decressed as the flight Mach number was i ncressedf or
corrected engine speeds below 11,200 rpm. Increasingt he exhaust -
nozzle-outlet area resulted i N a decrease in compressor ef fici ency
(figs. 18 and 8).

Compressor efficilencies at engi ne speeds greater than 0.8
rated speed, (10,000 rpm) varied from0.80 to 0.86. Maximuwm effi-
clencies ocourred between corrected airflows of 51.0 and
55.5pounds per second, corresponding to corrected engi ne speeds
of 11,100 and 12,000 rpm, respectively.

This investigation i ndi cated that the campressor operating
lines fell. on the high air-flow side of the region of maxi mum
efficiency (figs. 14, 16, aud 18). The operating |ine for the
compressor i N the engi ne with t he minimmm exhaust-nozzle-outlet
area fell closest to the reglon of maximum efficiency (fig. 18).

SUMMARY OF RESULTS

Fromen investigation of a complete turbojet engine having a
thrust rating of 3000 pounds in the NACA Cleveland albtitude wind
tunnel under sinul ated conditions of altitude and £light Mach
nunber, the follow ng results of comyressor performance were
obt ai ned:

1. The conpressor operating lines fell on the high air-flow
side of the regl on of maximm efficiency. The operating line for
t he compressor i n t he engine with t he m ni num exhauwst-nozzle-
outlet area fell closest to the region of naxi num efficiency.

2. Over nost of the normal operating range of corrected
engi ne speeds, ‘compressor ef fici ency decreesed as (a) the alti-
tude was rai sed, (b) the £flight Mech nunber was raised, (C) the
exhaust - nozzl e-out | et area was increased. .

ol6
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3. Variations in the compressor performance characteristics
with altitude or flight Mach number were attributed to changea i n
serodynamic chexracteristice of t he caupressor blading t hat accam-
peny changes in Reynol ds nunber.

4. Modification of the el eventh-stage compressor rotor bleding
resulted in a nore nearly uniformradial distribution of the axial
velocity at the cempressor outlet and slightly Increased the stator-
stage static-pressure rati 0. Higher naxi numefficiendies were
obtained with the modified canpressor than with the original com-
pressor.

5. Compressor efficiencies at englne speeds greater than
0.8 rated speed (10,000 rpm) varied fram 0.80 to 0.86. Maximum
efficiencies occurred between corrected air flows of 51.0 and
56.5 pounds per second, corresponding to corrected engi ne speeds
of 11,100 and 12,000 rmm, respectively.

Flight Propul sion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Chi 0.
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AFPENDIX - METHOD OF CALCULATION
Symbols
Ths symbols used in this analysis are:

o, 8&peoific heat at constant pressure, Btu/(1v) (°R)

8 accel eration due to gravi t‘y, 32.2 £t/sec®

J mechanical ‘equivalent of heat, 778 ££-1b/Btu

Mg flight Mach nunber

N engine speed, rpm

P total pressure, 1b/sq £t absol ute

P static pressure, 1b/sq ft absolute

T total temperature, °R

v axial vel ocity, f£t/sec

W, air flow, 1b/sec

y rati o of specific heat at constant pressure to specific heat
at constant volume

8 rati o of compressor-inlet total Pressure to NACA standard
eea-l evel pressure

L compressor efficlency

e rati o of compressor-inlet absol ute total temperature to
NACA standard sea-| evel absol ute temperature

Subscri pts:

2 compregsor inlet

3 compressor stator st ages

4 canpressor outl et

c canpressor
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The stations to which the mmerical subscripts refer are shown
infigure 4.

The following parameters are used in generalizing the results
t 0 NACA standard atmospheric conditions at ses | evel :

Won/T

= correct ed air £low, 1b/sec

X
—‘\/-—g corrected engine speed, rpm

Calculations

Static tenperature was cal cul at ed from indicated temperature
by assuming a thermocouple impact recovery factor of 0. 85. Total
tenperatures at the compressor i nl et and at the compressor outlet
were assurmed to be equal to the corresponding indicated tempera-
tures because the average veloecitles were relatively lowat these
stations. This assunption introduced an error of | ess than 2° F.

Alr flow was computed from the pressures end the temperatures
measured at ths cow inlet (station 1) by meems of the continuity
equati on.

Campressor efficiency. - The follow ng equation was used to
cal cul'at e the adi abati ¢ temperature-rise compressor efficiency:

(1)

vhers 7  is the ratio of specific heats corresponding to the
average total temperature of the air f£lowingthrough the compressor.

Campressor-outlet axial velocity. - The axial velocities at
t he compressor ouilef were calculaied from the relation

M' s
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Py \ 74
v =\ [2eogt |1 - (5 (2)

wher e

IP4 t ot al pressure ocbtained by averaging pressure readi ng8 of
instrumentation | ocated at each integral distance from
inner wal | of compreesor-outlet annulus

T, average of all indicated temperatures measured at station 4
p, average of all static pressures measured at station 4
Average values of t he indi cat ed temperature and t he static pres-
sure Wer e used because t he temperature and static-pressure dis-
tributions were rel ativel y uniform.
REFERENCE

1. Conrad, Barl W., Dietz, Robert O, Jr., and Golladay, Richard L.:

Al titude-W nd- Tunnel Investigation of & 3000-Pound-Thrust

Axial-Flow Tur boj et Engine. | - Analysis of Tur bi ne Perform-
ance., NACA RMNo. E8A23, 1948.
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Figure &+ = Instrunentation at compressor inlet, station 2,
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1% inchea behind trailing edge of compressor-outlet
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Compressor pressure ratio, Ps4/P2

NACA RM No. EBA26a
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Compressor pressure ratlo, P,/Pg
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Figure 7. - Concluded, Effect of exhaust-nozzle—outlet area on
compressor operating line for modified compressor. Altitude,
25,000 reet; £light Mach nunber, 0.53.
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Compressor efficlency, n,
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outlet areas, Altitude, 25,000 feet; flight Mach nunber, 0.53
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Compressor pressure ratio, P,/Po
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Compressor pressure ratio, Pu/Pp
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Compressor pressure ratio, P,/Po
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Compressor pressure ratio, P4/P2
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Compressor pressure ratio, P4/P2
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Compressor pressure ratio, Py/Po
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