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THRUST AXTAL-FL.OW TURBOJET ENGINE
IV - ANALYSIS OF COMPRESSOR PERFORMANCE
By Robert 0. Dietz, Jr. and Frank L. Suozzi

SUMMARY

Operating characteristics of the ll-stage axlsl-flow compres-
-  gor of a 4000-pound-thrust turbojet engine were determinsd from
inveastigatlons of the complete engine in the Cleveland altitude
wind tunnel. Two compressors were Investigated: +the standexd com-
pressor and one simller except that the blade anglee of the rotor
and stator blades were increased approximately S5° to obtain greater
air flow. Three different turbine-nozzle &reas were used to deter-
mine which combinatlion of compressor and turbine nozzle gave optimum
» performance. The Investigations covered & range of simulated eltitudes
from 5000 to 40,000 feet, ram pressure ratlos from approximately 1.00
to 1.86, and compressor Mach numbers from 0.24 to 0.85. Compressor
- characteristics are presented as functions of alr flow corrected to
gtandard sea-level condlitions and compressor Mach number.

Maximum adiebatic temperature-rise efficiency for both com-
pressors was about 85 percent. The meximum efficilency was not
obteined at dssign engine speed. At a corrected engine speed of
7600 rpm the following efficlencies, pressure ratios, and corrected
air flows were observed:

Turbine-|Bfficiency{Compresaor| Corrected] Approximate
Compressor|nozzle |(percent) |pressure |sir flow |ram pressure
area ratio (1b/sec) |ratio, Pl/p
(sq.in.)
Tow flow 106.8 84 3.99 70.86 1.41-1.86
High flow 106.8 79 4.95 78.4 1.40-1.82
High flow 121 79 3.83 76.5 1l.41
<
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2 NACA RM No. E8FOSc

Variations of Reynolds number did not affect the efficiencies nor
pressure ratlos at & given compressor Mach number but decreasing
Reynolds number decreased the corrected engine speed at which com~
pressor stall occurred.

INTRODUCTION

A specific obJective of the research program to investigate
the 4000-pound -thrust axial-flow turbojet engine was the investigation
of the compressor characteristics and the determination of how
effectively the compressor is used in this engine. A summary of
the over-all engine performence 18 given in references 1l and 2. The
operational characteristics of the engine are discussed in refer-
ence 3, :

An analysis of the performence charscteristice of two compressors
used in the turbojet engine 1s presented herein. The data were
obtained from investigations of the complete engine. Character-
istice of thease compressors are of interest because they represent
a modification of the free vortex design, which was made to obtain
high efficlency and large capacity with & minimum over-all diemeter.

The high-flow compressor unit reported does not represent any
engine contemplated for production by the engine mamufacturer, but
does represent the initial attempt of the engine manufacturer to
obtain increased performance by modifying the standard 4000-pound-
thrugt axial-flow unit with the gquickest and simplest methods
available at the time of the wind~tunnel research program,

The investigations were conducted in the Cleveland altitude wind
tunnel with the engine operating at simulated flight conditions over
a range of altitudes from S000 to 40,000 feet, ram pressure ratios
from approximetely 1.00 to 1.86, and compressor Mach numbers from
0.24 to 0.95. Compressor Mach munber is defined as the ratio of the
tip speod of the compressor blades to the velocity of sound in air
at the total temperabure of the inlet alr.

In an attempt to increase the thrust of the englne, the angle
of the compressor rotor and stator blades was increased about 5°
to obtain greater air flow. The modifled or high-fiow compressor
was the same as the original or low-flow compressor except for the
change in blade angle. Three sizes of turbine nozzle were also
supplied for ilnvestigations made to determine which cowbination of
compressor and turbine nozzle gives optimum performance.
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SIMBOLS

The following symbols are used in the analysis:

throat area of turbine nozzles, eguare feet
exhaust-nozzle area at tall rake, square feet

local velocity of sound, feet per second

specific heet at constent pressure, Btu per pound per °F
rotor-blade tip diameter, feet

ratio of absolute to gravitational units of mass,
(32.174¢ 1b/siug)

isentropic 1ncrease In totel enthelpy per unit of mass
for a given pressure ratio, foot-pounds per pound

mechanical equivalent of heat, (778 £t-1b/Btu)
compressor Mach number

engine speed, rpm

mumber of stages

total pressure, pounds per square foot absolute
static preasure, pounds per square foct absolute
ram pressure ratilo

compregsor pressure ratlo

gas constant, foot-pounds per pound per °F
total temperature, °R

indlcated totel temperature, °R

static temperature, °R

rotor tip sp'eed., lfeet per second

air flow, pounds per second
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bearing cooling ailr flow, pounds per second

fuel flow, pounds per second

gas flow, pounds per second

thermocouple impact recovery factor, 0.85

ratio of specific heats, cp/cy

ratio of absolute total pressure at compressor inlet to
absolute static pressure of NACA standerd atmosphere at
sea level

ediabatic temperature-rise efficiency, percent

ratlio of absolute total temperature at compressor inlet
to absolute static temperature of NACA standard atmos=-
phere at gea level

average pressure coefflcient per stage, retio of isen-
tropic increase in energy of air across compressor to
isentropic increase in energy 1t would have moving at
rotor tip speed divided by number of compressor stages

eir flow corrected to NACA standard atmospheric conditions
at sea level, pounds per second

engine speed corrected to NACA standard atmospheric condi=-
tlons at sea level, rpm

Subscripts:

The stations to which the subscripts refer are shown in figure 1.

[\

™~ W

free-gtream conditions
cowling inlet
compressor inlet
compressor interstages
compressor outlet
turbine inlet

tail-pipe nozzle

582
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DESCRIPTION OF COMFRESSOR

The ll-stage axial-flow compressor used for these investigations
has 5 principel components: inlet sectlion, split stator casing,
outlet section, rotor, and blsding (fig. ls . The assembled com-
pressor installed in the englins and the assenmbly with the lower half
of the compressor case removed &re shown in figures 2 and 3, respec-
tively. The maximum outside diameter of the compressor, exclusive

of the inlet and outlet section, 1is 52% inches and the over-all
1

length is 43-4- Inches.

Four streamlined struts In the Inlet section support the front
rotor roller bearing. The wooden cowling (fig. 2) was attached for
static tests and a ram pipe (fig. 4) was attached directly to the
inlet section during ram determinations.

The stator casing, which has a constant inglde dismeter of
28.9 inches and is 28.75 inches long, is spllt, making the blading
accessible (fig. 3). Extraction holes are located at the fourth
and eighth compressor stages to furnish cooling alr for the engine
bearings and turbine wheel, respectively, and to pressurize a
diaphragm that partly balances the axial thrust of the compressor.

The outlet section of the compressor serves as a diffuser and
also as & manifold for conducting air into the elght cowbustion
chambers. Support for the ball bearing on the outlet end of the
rotor is furnished by this diffuser section.

The rotor hub has & smooth conical surface for the first nine
stages and a cylindrical suxface for the last two stages. The dlam-
eter of the rotor hub at the compressor inlet is approximately
20 inches, increasing to 25 inches at the compressor outlet. Nominal
rotor-blede-~-tip clearance at assembly is epproximately 0.046 inch.
The rotor-blade angle, measured from the plane of rotation, decreases
from the root to the tip with the rate of change decreasing toward
the blade tip. Rotor-blede thickness decreases from hub to tip.
Both rotor-blade and stator-blade lengths decrease from the first
stage to the eighth stage and ars the same in the ninth, tenth, and
eleventh stages. Stator blades are Tixed in the stator casing by
circunferential T slots as shown in figure 5. The stator blades
have no btwist and are of constent thickness from the root to the tip.
Inlet and outlet gulde vanes are also fixed in the stator casing by
circumferential T slots (fig. 5). These vanes have no twist nor taper
and have congtant chord and thickness slong the span.
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The compressor bleding is essentially of the free-vortex
type with the first four etages modified to reduce the inlet Mach
numbers at the blede-tip sections. In free-vortex designs, the tan-
gential velocitles relative to the blading must vary appreciably along
the blade span. If the aerodynamic loading at the mean section is
bhigh, serious compressibility effects mey be encountered at the
compressor rotor-blade-tip sections in the first stages where the Mach
number is highest. The blading design may be altered, as in the Pirst
four stages of the compressor investigated herein, to reduce the
relative tangential velocities at the tlp sections and thus minimize
the compressibility effects.

The low-flow compressor was designed to deliver approximately
75 pounds of air per second at a pressure reatio of approximately
4.0 and an engine speed of 7600 rpm with standard sea-level condi-
tions at the inlet. The high-flow compressor was designed to
deliver approximately 12 percent more alr at rated sea-level condi-
tions.

INSTRUMERTATION

The low-flow and high-flow compressors were provided with the
same Instrumentation by the engine manufacturer and the NACA for
recording static pressures, totel pressures, and indicated tempera-
tures. (See reference 1.) Stations at which surveys were taken
are shown in figure 1. DIrawings of the survey rakes and sectional
views of measuring stations identifying and locating pressure tubes
and thermocouples on the compressor are shown in figures 6 to 9. A
wall orifice was installed in the compressor case between each row
of stator blades to determine the static-pressure distribution.

The teil rake was Instrumented es described in reference 1 to
provide data for calculating gas flow through the enginse.

ENGINE INSTALLATION

The engine was installed beneath & 7-foot-chord wing mounted
in the 20-foot~dlameter test section of the altitude wind tunnel.
Flight conditions were simlated for various pressure altitudes by
introducing dry refrigerated air from the tunnel make-up air system
to the engine inlet through a closed duct connected to the compressor
cowling. This air was throttled from sea-level pressure to the
desired compressor-inlet pressure. A wooden cowling was used to
introduce tunnel air into the engine for all static tests. Further
information on runs and installation 1s given in reference 1.
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PROCEDUER

Investigations were conducted over the full operable range of
engine speeds for each condition. (See table I.) Changes in engine
configuration other than turbine-nozzle area, exhaust-nozzlie dlam-
eter, and compressor-blade angle are not included in table I bscause
the changes in method of turdbine fabrilcation, tall-pipe construction,
and combustion-chamber design had negligible effect on cocupressor
operating conditions.

METHODS OF CALCULATION

Compressor Mach number M is defined as the dimensionless
ratio

xDN .
60 .\f 728RTp

Ailr flow through the compressor was calculated from pressures
and temperatures measured at the taill reke, station 8. Gas flow
through the exhaust nozzle was calculated rrom the followlng equa-
tion, derived in reference 1l

¥ = Ufag = (1)

78"1

y
o . Dehe [29e0 (ra) 8 L
‘ OnE——— ——— -

Air Plow was then determined by subtracting the fuel flow W._e
measured with a calibrated rotameter and adding the bearing cooling-
atr fiow Y-b

waﬂws-Wr-l-wb

The bearing cooling-air .flow varies from 0.25 to 0.75 percent of the
total air flow. This variation is not large enough to significantly
affect the compressor performance presented.

The corrected air flow is

W, 40

5 (2)

Static temperatures were calculated from indicated-temperature
readings by use of the equation
T
t = . = (3)

7= ]
Y
l+a.EP/P) -1




8 I_MGA RM No. E8F0S%¢c

Total temperature i1s then found from the adlabatic relation

Z:L
T/t = (P/p) 7 (4)

The following eguation was used to calculate the adiabatic
temperature-rise efficiency

n= mym% - 1 (5)

where 7z is the ratlio of the specific heats corresponding to the
average steatic temperature of the alr flowing through the compressor.
Total temperatures used in equation (5) and the static temperetures
used to obtaln ¥z were calculated from equations (3) and (4).

Average pressure coefficient per stage was defined by the
following equation

75'1
73
Hag 2 (Pe/Bp) — _ 3 .
Y o= Ué = a(7z - 1) Mz (6)

" 2e
RESULTS AND DISCUSSION
Method of .Ana.lygis

Compressor performance characteristics were determined only at
conditions set by the over-all operating characteristics of the com-
plete engine. These over-all characteristics determine an "operating
line," which represents the relation of the pggssure ratio across

W_ nf@
the compressor to the corrected sir flow a.a (equation (2)) when
the engine speed 1s varied. The compressor operating line may also
be represented mag the relation between pressure ratio across the
compressor and compressor Mach mumber. In the following discussion,
both representations of the operating line are glven.

The position of the operating line relative to the coordinates
ia primarily determined by the throat area of the turbine nozzles
and the retio of the gas temperature at the turbine inlet to the
temperature of the alr at the compressor inlet. When the pressure
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ratio across the turbine nozzles is greater then critical (approxi-
mately 1.89), ‘he reletion between flow and compressor discharge
preesure is approximately

_ KAP5A/Y 5
N T
where k 18 an arhitrary constent. From this equation and the

AN

5

Ve

definitions of @ and &, the correctdd air flow
approximately given by

W, A€ P P
aa'\/—=k1At 5@2 (7)

Q/T5/T2
where k; 1s an arbitraxy constant.

The compresgor-cutlet total pressure Ps 1is equal to the
turbine-inlet total pressure P; except for friction and momentum
losses in the combustion chember, which are small relative to the
total pressure. Therefore, in equation (7), P5/Pp may be approxi-
mated by the compressor pressure ratio P4/P2 and the only opera-
tional variable that affects the relation of corrected air flow to
compressor pressure ratio is the ratio of the gas temperature at
the turbine inlet to the temperature of the &ir at the compressor
inlet. When the pressure ratlo across the turbine 1s less than
critical, in addition tc the foregolng factor, the back pressure
in the turbine nozzle influences the relation of corrected air flow
to compressor pressure ratlo.

Pogition of QOperating Line

Altitude effects. - The effect of altitude on the position of
the opersting line is negligible when either compressor is used
{(fig. 10). Turbine-nozzle areas for the two configurations pre-
gented in figure 10 were such thet the same pressure ratio was
obtained with both compressors at any given compressor Mach number.

Rem pressure vffecta. - The effects of rem on the position of
the operating lines 1s shown In figure 1l. The turbine-nozzle areas
used in these investigetlions differed from the arees used for the
investigations represenited in figure 10; oconsequently, the pressure
ratios across the compressors were dlfferent at any given compreassor
Mach mawbex.
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Increasing the ram pressure ratio sbove 1.4 for elther couwpressor
had no discernible effect on the compressor operating line. A shift
of the line to the right, with respect to the coordinates, occurred
for an increese in ram from 1.0 to 1l.4. This effect is shown in
figure 1l(a}, but is not so easily seen in figure 11(b).

Turbine-nozzle-area effects. - The effect of changing from large
turbine nozzlea to standard turbine nozzles i1s shown in figure 12.
The ll-percent decrease of turbine-nozzle area reduced air flow by
10 percent at & preesure ratio of 3.5. This trend 1s consistent
with the dependence of corrected air flow on turbine-nozzle aree pre-
viously discussed.

Efficiency

Efficiencies of the low-flow and high-flow compressors are pre-
gented in figures 13 and 14, respectively. In each of these figures,
the operating lines discuesed in the preceding section have been
replotted. Operating lines for static and rem tests are not shown
together because the measured compressor charascteristics were
appreciebly different for the two arrangements. These differences
were apparently caused by turbulence and boundary leyer in the
engine inlet, which was caused by very high inlet velocity ratios
existing at static conditions.

The meximum efficiency of the two compressors (figs. 13 and
14(b)) was about 85 percent At a corrected engine speed of
7600 rpm, the following efficiencies were obteined:

Efficlency] Approximate
Compressor}|Turbine nozzle| (percent) | ram pressure
ratio, P;/p,

Low-flow Standaxd. 84 l.41-1.86
High-flow Standerd 79 1.40-1.82
High-flow Large 79 1.41

The operating curves for the low-flow compressor at gtatic test
conditions with either the standard or small nozzles pass close to
the region of maximum efficiency (fig. 13(a)). It is concluded that
elther condition of operation is satisfactory as far as compressor
efficiency is concerned, but the use of smeller or larger nozzles
would eppreclably reduce the efficiency.

The efficiencies determined for the ram teste with the low-flow
compressor (fig. 13(b)) are epproximately equal to the efficiencies
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found from gtatic tests. The operating lines shown in figure ls('b)
pass close to the reglon of maximum efficlency.

Statio tests with the high-flow compressor combined with large
turbine nozzles gave slightly lower efficilency than thet obtained
from the ram tests, as may be seen from figuvre 14. Higher efficlency
was attained with the high~flow compressor when it was used with
standard turbine nozzles (fig. 14(b)). The experimental date are
insufficlient to show whether the high-flow compressor combined with
standard turbine nozzles is cptimum where compressor efficlency 1s
concerned but the operation line for the combination is Judged to
pags close to the region of maximum efficlency. Use of the larger
turbine nozzles definitely reduces compressoxr efficiency.

In figures 15 to 17, (T4/Tp) - 1 1s plotted against
Z:i

(P - 1. Values taken from these curves were used in equa-
tion ?5) t0 calculate compressor efflciency. Thls method of treat-
ing the data geve more conslstent vaelues of efflicliency than the method
in which efficiencies were celculated directly from the data. Effi-
clency curves constructed from figures 15 to 17 are shown in fig-
ures 18 and 19.

Because compressor efficilency 1s equal to the abscilesa 3ivided
by the ordinate of the curves in figures 15 to 17, 1t is concluded
from figure 15 that the effect of altitude (Reynolds number) variation
on efficlency is negligible beceuse points representing date obtained
at all altitudes with one compressor fall on a single line.

Pressures

Pressure retios. - The relations among pressure ratio, corrected
air flow, and Mach number were shown in figures 10 to 12. Fressure
ratios for the low-flow and high-flow compressors at the corrected
engine speed of 7600 rpm are listed 1n the following table:

Compressor! Ayproximate
Compressor]Turbine nozzle| pressure ram pressure

ratio ratio, Py/p,
Low flow Standard 3.99 1 41-1.86
High flow Standard 4,95 1.40-1.82
High flow Large 3.83 1.41

Changes in altitude cause variations of Reynolds number and the
effect of this varistion on the relation among pressure ratio,
Mach number, and corrected air flow ls negligible (fig. 10).
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The same conclusion was found to be applicable to the static pres-
sures at the individual stages of both compressors. Figure 20 shows
the stage-to-stage variation of static pressures for low-flow and
high-flow compressors.

Pressure coefficients. - The average pressure ccefficient 1
for each stage of the compressor is plotted in figures 21 and 22,
which are gimilar to figures 13 and 14 except that pressure coeffl-
clents are shown instead of efficlencies. Pressure coefficlents
were found from figures 23 to 25 in which the relation between
pressure coefficient and corrected air flow 1s presented. These
coefficlents were calculated from equation (6).

Pressure coefficients determined at a corrected engine speed
of 7600 rpm are listed in the following table:

Compressor |Approximate
Compressor| Turbine nozzle{pressure ram pressure

coefficient| ratio, P;/p,
Low flow Standard 0.300 1.41-1.86
High flow Standard 546 1.40-1.82
High flow Large .292 1.4

Figures 21 and 22 show that the operating line always falls to the
right of the reglon in which a meximum pressure coefficlent mey be
obtained. The high-flow compressor gave somewhat higher praessure
coefficients than the low-flow compressor, the meximum velues
being 0.378 and 0.333, respectively.

Velocity Profile at Compressor Outlet

Outlet velocity profiles were plotted in figures 26 and 27
for the low-flow and high-flow compressors at various altitudes and
engine speeds. At various pressure altitudes and low engine speeds,
the velocity distribution across the diffuser remained approximetely
constant for both compressors but at high speeds it varied consider-

ably.

Compressor Stall

Compressor stall limited the maximum engine speed when the
combination of high-flow compresmor and small turbine nozzles was
used. Figure 28 shows that the corrected engine speed &t which
gtall occurs decreases with increasing eltitude. This variatlon
indicates that changes of Reynolds number probably have an appre-
ciable effect on compressor stall; decreasing Reynolds number
decreages the corrected engine speed at which stall occurs.
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SUMMARY OF RESULTS

For the range of compressor operetlion obtalnable In the inves-
tigation of a 4000~pound-thrust axial -flow turbojet engine in the
altitude wind tunnel the following perfo:me.nce results for the com-
presgors were found:

l. Meximum edisbatic temperature-rise efficlency for both the
low-flow and high-flow compressors was about 85 percent. The maxi-
mnm efficiency wes not obtalned at design engine speed. At a cor-
rected engine speed of 7600 rpm, the following efficlencies eand.
corrected alr flows were obtained:

Efficiency|Corrected jApproximate
Compressor [Turbine nozzle|(percent) |air flow |ram pressure
(ib/sec) |ratio, l/p
Low flow Standard 84 70 6 1.41-1.86
High flow Standard 79 78.4 1.40-1.82
High flow Targe 79 76.5 1.41

2. The operating curves for the engine with the following
combinations of compressors and turbine nozzles were near optimum
where compressor efficlency was concerned:

Low-flow compressor; smell turbine nozzles
Low-flow compressor; standard turbine nozzles
High-flow compressor; standard turbine nozzles

The combination of high-flow c.ompressor and lerge turbine nozzles
gave efficiencies that were apprecilably lower than the other
three combinations.

3. Altitude had no measurable influence on the relation of
efficiency to corrected air flow and compressor Mech number. This
result is interpreted to mean that the effect of the Reynolds rum-

ber was negligible

4. Compressor preBsure reatios obtained at the corrected engine
speed of 7600 rpm are:

Compressor | Approximate
Ccmpressor (Turbine nozzle|pressure |ram pressure

ratio ratio, l/p
Low flow Standard 3.99 1.41-1.86
High flow Stendard 4.95 1.40-1.82
High flow Large - 3.83 1.41
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5. The high-flow compressor gave somewhat higher pressure
coefficients than the low-flow compressor; the meximum values were
0.378 and 0.333, respectively.

6. Compressor stall limlted the wmaximum operating speed of the
engine when the high-flow compressor was used in combination with
small turbine nozzles. The corrected engine speed at which stall
occurred decreased with Increasing altitude.

Flight Propulsion Research Laboratory,
National Advisory Coumittee for Aeronautics,
Cisveland, Ohio.
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TABLE I - COMPRESSOR CONFIGURATIONS USED IN INVESTIGATION
OF 4000-POUND-THRUST AXIAL-FLOW TURBOJET ENGINE

Configu~-| Type of com-|Turbins-nozzle|Exhaust-|{Similated]|Ram pres-
ration |pressor ares nozzle |altitude |sure ratio
(=) (sg.in.) diameter (£5)
(in.)

1 Low flow 101.9 163 5,000 1.00

(small) 10,000 1.00

20,000 1.02

30,000 1.00

3 Low flow 106.8 162 | 20,000 1.21

(standard) 40,000 1.20

1.62

4 Low flow 106.8 165 | 40,000 1.41

1.86

5 Low flow 106.8 163 40,000 1.02

8 High flow 106.8 18 20,000 1.38

40,000 1.40

1.82

11 High flow 121 18 5,000 1.01

(1arge) 20,000 1.02

30,000 1.01

12 High flow 121 19-;- 40,000 1.41

8configurations are designated and discussed in reference 3.
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Figure 6.~ Details of total- and statlc—pressure-tube
installation at compressor inlet, station 2, lé%
inches ahead of front flange of compressor housing,
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Center 1line of compressor

29"

T —
o

Pigure 7,~ Details of total-pressure-tube and thert_n,uocouple
installation at compressor outlet, station 4, 11-3' inches
behind rear flange of compressor housing,
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Total-pressure tube
Static-pressure tube

Nk’

Static-pressure watl orifice

@==0 0

Thermocouptle

Figure 8. - Location of survey instrumentation at compressor
inlet,station 2, | ?Einches ahead of front flange of com-

pressor housing.
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o Total-pressure tube

® Static-pressure tube
It Static-pressure wall orifice
® Thermocouple

Figure 9. -

Location of survey

outlet,station 4, | 2 inches
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pressor housing.
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Exhaust

Simulated nozzle
altitude Turbine diameter
(rt) Compressor nozzle (ln.{
Q 5,000 Low~-flow Small 16%
O 10,000 Low-flow Small 163
< 20,000 Low-f'low Small 16%
A 30,000 Tow-flow  Small 163
Q 5,000 High-flow lLarge 18 //{
< 20,000 High-Tlow TLarge 18 . :
A 30,000 High-flow large 18 A(o/ /q/“
i

fu
L]
e}

&

L~
et

Compressor pressure ratio, Pyq/Pp
i
o

-]
-
=)

é/

[

|
o

20

30

40

5 6
Corrected air flow, (Wa{8)/8, 1b/sec
(a) Relatlion between compressor pressure ratio and corrected alr flow.

Pigure 10,- Effect of altitude on compressor cperating line at statlo-
test conditions,
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Compressor pressure ratio, Pg/Pp

Exhaust
Simulated nozzle
altitude Turbine diameter
(ft) Compressor nozzle (in.)
QO 5,000 Low-Tlow Small 16%
1

4.2 0 10,000 Low-flow Small 16-5 X

< 20,000 Low-flow Small 16%- ﬁ/\

A 30,000 Low-flow Small 15%

Q 5,000 High-flow Large 18 <
3.4 Q 20,000 High-flow Large 18

A 30,000 Righ-flow Large 18
f‘;ﬁ’
1.8 /,{Fd

M/ W
1,0
.2 |3 04 |5 os . .8
Compressor Mach number, M
L 2 Vi L [l ]
2000 3000 4000 5000 6000 7000 .

Corrected engine speed, ¥/{0, rpm
{b) Relation between compressor pressure ratio and compressor Mach number,
Figure 10,- Concluded.
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Compressor pressure ratic, Pg/Pg

. Exhaust
Approximate norzle
TAM-pressurs dlamater
ratio, P1/py Comprsssor (in,)
5.0 o 1.02 Low-flow 15} .
D 1,20 Low-flow 16»2— 9
p.
O 1.4l low-flow 16§
4.2 & 1,62  ILow-flow 165 Q
v 1.86 Low-flow 1&%
Q 1,40 Righ-flow i ] /
3,4 "4 1,82 Righ~flow 18 n(ﬁ;
P> — High-flow compressor;
,/”’ rem-prassure ratio,
sy 1,40 and 1,82
%?/
2.8 /"I:Ié R Tow=t1
2 w-flow compressor;
] / 4 ram—pressure ratio, '
/] 1,41, 1,62, and 1,868

T

1.8

1,20

L1ow=-
For ELoN, SOMRECSSONL,

Low-flow compressor;
ram-pressure ratlo,

1,02

A

1,0 Ig
o4

bb 13) o]
Corrected air flow, (W,{6)/6, 1b/sec

7%

{a) Relation between compressor pressure ratlo and corrected air flow,

Figure 11,~ Effect of ram on compressor operating 1line,
feet; standard turbine nozzles,

3imulated altitude, 40,000

80
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Exhaust
5.0 Approximate nozzle o’
ram-pressure dlameter &‘(
ratio, P1/p, Compressor (in,)
3
o 1.02 Low-Tlow 167 |Righ-Tlow compressor;
o (a] 1.20 Low-flow 15% ram-pressure ratlo,
4.2 | a
Y |¢ L Low-flov 163
a.
. ) 1.62 Low-flow 15% 7
)
e v  1.86  Lov-flow 165 /
S 5.4 1 74\
. ¢ 1,40 High-flow 18 MLow-flow compressor;
g v  1.82 High-flow 18 é ram—pressure
a /// ratio, 1,20, 1.41,
g 1.62, and 1,86
b . » .
P2, / A
; gl
| 4
s; v
——Low-Tlow compressor;
% ;{/A ram—pressgge ratid
S 1.8 op
1,0
. . & "5 . . . S I.U
Compressor Nach number, ¥
[ - 1 [ 1 L H
4000 5000 6000 7000 8000 2000

Corrected engine speed, N/{@, rpm
_{b} Relation between compressor pressure ratio and compressor Mach number,
Flgure 11,- Conecluded,
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Compressor pressure ratioc, Pg/Po

5.0
Exhaust
Approximate nozzle
ram-pressure Turbine diameter 7
ratio, Py/po nozzle (in,) Ag
4.2 o 1,40 Standard 18
o 1,41 Large 193 /
5.4 //
O// /ﬁ
////
2,6 g
1.8
1,0 _ S
10 20 a0 40 50 60 70 80 20
Corrected air flow, (W,{6)/8, 1b/sec
(a) Relation between compressar prassure ratic and corracted air flow,
Figure 12,- Effect of turbine nozzle area on compressor operating line, Simulated

altitude, 40,000 fest; hlgh-flow comprassor,
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5,0

™
»
[y

Exhaust
Approximete nozzle ,4/
ram=pressure Turbine dlameter
ratio, P1/po nozzle (in,)
of o
1,40 Standard 18 L7
1.4 Large 19% 1//7

A
-
w

3]
.
be ]

Compressor pressure ratio, P4/P2

sl

1,0
L r" . E L] 4 ] » » T . ] g 1! O
Compressor Mach number, N
’ L
5000 600 7300 BO60 o

Corrected engine speed, N/{®, rpm

(b) Relation between compressor pressure ratio and compressor Mach number.
Figure 12.- Concluded,
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Compressor pressure ratio, P,./Pp

v L * 682

"ON WNd VO¥N

260483

5.0 /
Exhaust /
altitude Turbine dfameter y
(ft)  nozzle (in,) OP] ;‘::;ng , [
4,2 13,880 1 % y .
—_ 0 ;
20.000 il 167 NS s
30,000

—~——— 40,000 Standard 16%

// | efficien
P / cantoun
Ve

)Y

™
L 3
[+

/1
I//
Az
a0
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o

=]
.m
\

1]

//

1.0

)

[y

0 a0 40 50 0 70 [:
Corrected air flow, (Wy{5)/8, 1b/sec

{a) static tests.
Pigure 13,- Efficfency characteristics of low-Flow compressor,
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Compressor pressure ratio, P4q/Pp

9.

4.2

Approximate

ram-pressure
ratio, P1/po

=1.20

1.41
-—-41,62
(1.86

3ppercpnt effict
contpur

3.

Oper

pting

1.

1.0

10 B0 — X0

50

3
Corrected air flow, (W,{8)/6, lb/sec
{(b) Ram tests: Simulated altitude, 40,000 feet; standard turbine nozzle;

exhaust=-nozzle dlameter, 16E inches,

4
Figure 13,- Concluded,
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Compressor pressure ratio, Pgq/Fg

Exhaust
Simulated nozzle
altitude Turbine dlameter
{ft) nozzle (in,)
4,2 5,000 A
gg'ggg Large 18 BO-grrcenm ef P~
! clgncy kcontopr
2.4
OperLting 111;#;”
L7 80
r
2, /T
”
L’
Py
z
'8
”
1. P
A
|~
ﬂ"’
- S
1.0
"10 20 %0 10 50 30

(a) Static tests,

Flgure 14,- Efficiency characteristics of high-flow compressor,

50
Corrected air flow, (Wy{8)/8, 1b/sec
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Compressor pressure ratlo, P4/Pp
-

—
.

Exhaust
Approximate nozele
ram=-pressure Turbine diameter
ratio, Pyj/p, nozzle {in.}
/_ 8o nt
: _ %.gg Standard 18 rficEency
. 3 //32 contpur
4.2 -————1,41 Large 192 i
/, /4
) 84
S.ﬂ— // -
/ /
Yy
W,
/_ /\
A Op?ratl g lipes
/ 1
VR

W
‘iﬁ ) 3 50 80 70 80
Correctad alr flow, (W;y6)/6, 1b/sec
(b) Ram tests: simulated altitude, 40,000 feet,
Figure 14,~ Concluded,
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Actual compressor-temperature-ratio factor, (T,/Tp) -1

O

+6

5

4

S

2

Ad
Pl

Exhaust-—-
Simulated nozzle
altitude Turbine diameter

(re) Compressor nozzle {tn.)
o) 5,000 Low={low Small 16%
o 10,000 Low—flow Small 15%
& 30,000 Low-flow  Small IE%
Q 5,000 High-flow Large 18
O 10,000 High—-flow Large 18 S
< 30,000 High-flow Large 18 _/

1////
High—flow compregsor 4— ,}
\\/6§/
%
/// \\—-Low—”low bOompré ssor
W
A1
74
K/
O ﬁq‘nsn'p'
o 1 o 3 .4 5

=1
labatic compressor—-temperature-ratio factor, (P4/P2) ¥ -1

gure 15,- Effect of altitude on relation of actual to adlabatic
temperature-rise ratio across compressor at static—-test con-
ditions.



Actual compressor-temperature-ratic factor, (T4/T2) =1

NACA RM No.

EBF09¢c

7

Approximate
ram-pressure
ratio, Py/po
o 1.02

o 1.41

¢ 1.86

a 1.40

Qe 1.82
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Low—-flow
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High~flow
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nozzle

diameter

(in.)

]

4

3

4l

]
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o]

Adiabatic compressor-temperature-ratio factor, (P4/Pp)

Pigure 16,— Effect of ram on relation of actual to adiabatic
ture-rise ratio across compressor.
feet; standard turbine nozzle,
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Simulated altitude,
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Exhaust
Simulated Approximate nozzle
8 altitude ram-pressure Turbine diameter
. (rs) ratio, Py/po nozzle {in.)
o 30,000 l1.01 Large 18
N O 40,000 l.41 Large 19%
'EE, 7 < 40,000 1,40 Standard 18 ")
< 4
5 /
; D
b /
(] '6
o
g g
3
pel /
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5
o .
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s /o/
o
E . /
& L d
] A
o
@
@ /
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g .3
©
— //
|
F]
(]
<
2
o1
0 ol . .2 3 .4 5 -

o
Adiabatic compressor-temperature-ratio factor, (Pg/Pg) Y -1

Figure 17.—- Effect of turbine nozzle area on relation of actual
to adiabatic temperature-rise ratlo across high-flow compressor,



Adlabatlc temperature-rise efficiency, 7, percent

NACA RM No. E8F09c

Simulated
altitude
(ft)
5,000
g0 20,000
30,000

./
80, ]

b

70

(a) Effect of altitudi at static—test conditions: exhaust-—
nozzle dlameter, 16; inches; small turbine nozzle,

Approximate
ram-pressure
ratio, P3/p,

1.02
— € 1l.41
1.86
20
i
80 — N
=
70
20 30 40 70 80

§0 60
Corrected air flow, W,\8/6, 1lb/sec
(b) Effect of rami simulated altitude, 40,000 feet; exhaust-
nozzle diameter, 16% inches; standard turbine nozzle,

Figure 18.— Low-flow compressor efficiencles,
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Adiabatic temperature~rise effleiency, mn, percent

43

Simulatead
altitude

90

(£t}
5,000

——4 20,000
30,000

80

70

A

(2) Effect of altitude: statl
turbine nozzle; exhaust-nozz

c—-test conditions; large
le diemeter, 18 inches,

20

80

70

Approximate
ram-pressure Turblne dlameter
ratio, Py/po nozzle (in,)

Exhaust -

nozzle

Corrected alr flow, WaJ§76, 1b/sec
(b) Effect of ram: simulated altitude, 40,000 feet,

Figure 19.— High~flow compressor efficiencies,
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Cornacted engine
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(a) Low-flow compressor; small turbine
nozzle; exhaust-nozzle diameter, 13%
inchss,

(b) High-rlow comprsssor; large turblng
nozrle; exhaust-nozzle diameter, 18
inches.

Figure 20,—- Compressor interstage pressures at static-test conditicns,.
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Compressor—-pressure ratio, P4/P2
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5.0
Exhaust- /
Simulated nozrle aratiog /
altitude Turbine diameter 1lines !
(ft) nozzle (1in,) I -~‘_h‘7/
4.2 5,000 .
— {20,000 gmall 163 /
20,000 Pyd
30,000 3 Pressure—goefficient
~=—e=== 40,000 Standard IGI confour
J.4 4
/, 7
// Kl
s A
NP7
2.6 L 445:
/’/7
1.8B
.-'//
1 -
vol T~
10 20 30 40 50 80 70 80 50

Corrected air flow, (WaJU)/o, 1b/sec
(a) Static tests.
Figure 21,~ Pressure—coefficlent contours for low-flow compressor.
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5,0

Approximate /
ram-pre ssure L/

ratio, Py/po
_ el Y/

[
.
(o)

1,41 11
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/ contour
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[
)
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[
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[+s)

Compressor-pressure ratio, P4/P2

*Z:EE;&;;?
1,0

4 0 0 50 80 0 D 0
Corrected air flow, (Wg{8)/5, 1b/sec

(b) Ram tests: simulgted altitude, 40,000 feet; standard turbine nozzle; exhaust-
nozzle diameter, 162 inches,

Figure 21,.- Concluded,
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4,2
y

Simulated Opeyating n“ﬁ‘\’/

altitude vy
o0 (re)
& 5,000 X
\3.4 - ’ <355 Préssyra—gcefficliant
P =0, 000 L7 eqntouf
- 30,000 P
o y
S >
. //‘ﬂss
g 2,6 — o
i )
0 /

”~

’/
8 1.8 - .
@ o
: A
8 L~ Y32
5 N
° 1.0 1" {30 HagA

10 20 30 40 50 60 70 8o a0

Corrected alr flow, (WaJﬁ)/b, 1b/see

(a) Static tests: large turbine nozzle; exhaust-nozzle dlameter, 18 inches,

Figure 22.- Pressure-coefficient eontours for high-flow compressor.
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Compressor~pressure ratio, P4/P2

8¢

5.01—
Operating
DTF linep
Exhausgt-
Approximate nozzle ]
4.2 ram-pressure Turbine diameter

ratio, Py;/p, nozzle (in,)
— 1,40

Standard 18

1.82
————1,4 Large 19%

4]
.
#

Fe=aopTfIegemnt
tontolur

2

Edd

)
L J

nd SHAA

10 0 4] 4] ;] 4] 70 0 90
Corrected air flow, (W,{B)/6, 1b/sec
(b) Ram tests: simulated altitude, 40,000 feet,

Flguve 22.- Concluded,
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' Exhaust-
Simulated nozzle
altitude Turbine diameter
(£t) Compressor nozzle (in,}

Q 5,000 Low-flow Small 16%

O 10,000 Low-flow  Small 167

< 20,000 Low-flow Small 16%

A 30,000 Low-flow  Small 15%

Q 5,000 High—-flow  large 18

Q 20,000 High-Tlow Large 18

&L 30,000 High-flow Large 18

.40

[Hi ~flpw copmpresgsor

Q%E‘!A
I

.30 %
[~~~ —rowkrlow comppessor

. (

- <

3 o

[=]

.4}

°

- 20
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Gy

@

Q

Q

g

= .10

]

&
o : _
: ]F 20 420 60 80

Corrected air flow, (W,{8)/56, lb/sec

Pigure 23.~ Effect of altitude on relation between
compressor-pressure ccefficlients and corrected air

flow through compressor at static—~test conditions,
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Pressure coefficient, ¥

o

NACA RM No. EBF09c

Exhaust—
Approximate nozzle
ram-presgsure diamster
ratlo, Pl/po Compressor ({(in,)
o 1,02 Low-flow  16%
o 1.41 Low-flow 163
A 1,86 Low—f1ow 163
< 1.40 High-flow 18
\"4 l.82 High-flow 18
«40
< (s e
.50 s N C <\’
Fy— v >
«20
.10
30 40 50 60 70 80

comj

Corrected alir flow, (W,[8)/6, 1b/sec

Filgure 24,— Effect of ram on relatlion between compressor-—
pressure coefficlents and corrected air flow through

ressor,

Simulated altitude, 40,000 Teet; standard

turbine nozzle,
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Pressure coefficient, vy

o

51

Exhaust—
Simulated Approximate nozzle
altitude ram—-pressure Turbine dlameter
(rt) ratio, Pj/po nozzle {(in.)
o 30,000 1,01 Large 18
O 40,000 1.40 Standard 18
< 40,000 1.41 Large 195
« 40
’-———\u
;Q_ﬁ\q\g
B o
Q——/
«3C C
«20
[ ] 10
30 40 50 60 70 80

Corrected air flow, (W,{8)/5, 1lb/sec

Figure 25,.— BEffect of turbine-nozzle area on relation
between compressor-pressure coefficients and corrected

alr flow through high-flow compressor,
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Compressor-outlet velocity, V4, ft/sec
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(a) Simulated altitude, 10,000 feet; ram=-pressure ratio, 121,
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Distance from outside diffuser wall, 1n.~ -

(b) Simulated altitude, 40,000 feet; ram-pressure ratio, 1,20,

Figure 26.— Veloclity profile at outlet of low=flow comgressor.
162

Standard turbine nozzle; exhaust-nozzle diameter,
inches,

100
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Compressor-outlet velocity, V,, ft/sec

500
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speed :>\
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(a) Simulated altltude, 20,000 feet; ram-pressure ratio, .,
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>
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@
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\<§\
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(o] ] 2

Distance from oﬁtside diffuser wall, in,
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(b} Simulated altitude, 40,000 feet; ram-pressure ratio, 1.40,
Figure 27,- Velocity profile at outlet of high-~flow compressor.
Standard turbine nozzle; exhaust-nozzle dilameter, 18 inches,
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Figure 28,~ Effect of altitude on corrected englne speed
at which compressor stall occurred at static-test con-—
ditions. High-flow compressor; small turbine nozzles.

8¢9






