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RESEARCH MEMOEANDUM
INVESTIGATION OF THE GENERAL ELECTRIC I-40 JET-PROPULSION

b

I

|
|
|
;’, ENGINE IN THE CLEVELAND ALTITUDE WIND TUNNEL
! ;
i IT - ANALYSIS OF COMPRESSOR PERFORMANCE CHARACTERISTICS

SUMMARY

! Performance characteristics of the centrifugal compressor
! 'S of the General FElectric I-40 jet-propulsion engine were deter-

! mined with the engine installed in the YP-80A airplane in the

| Cleveland altitude wind tunnel. A standard I-40 jet-propulsion
g engine was used in the investigation, which was conducted over

il 1 a range of simulated altitudes from 10,000 to 40,000 feet and

f rem-pressure ratios from 0.98 to 1.76. During the investigation
the compressor Mach number varied from 0,72 to 1.46, Performance
characteristics are presented as functions of corrected air flow

| and compressor Mach number.

| .

‘ By Robert 0. Dietz, Jr. and Robert M. Geisenheyner
!

!

o

From results obtained over a wide range of altitudes, it
was determined that the compressor performance is primarily
dependent on the compressor-inlet Mach number. Variations of
Reynolds number of the air at the compressor inlet had little
effect on compressor performance. At low compressor Mach num-
bers, increased ram-pressure ratios so shifted the compressor
operating line that lower compressor-pressure ratio, compressor
efficiency, and compressor-pressure coefficient were obtained
at a glven corrected air flow. At high compressor Mach numbers,
the effect of ram-pressure ratio was negligible. The maximum
i compressor efficlency obtained was 72 percent at static conditions.
At a corrected engine speed of 11,500 rpm, the compressor effi-
clency was 69 percent, the corrected compressor air flow was
77 pounds per second, the compressor-pressure ratio was 3.95, and
3 the compressor-pressure coefficient was 0.65. Special attempts
to produce compressor surge were unsuccessaful.

i
I
#
J

=

RESTRICTED




N A o e o S—

RESTRIGTED

NACA RM No. E6J02

INTRODUCTTON

An investigation of the General Electric I-40 Jet-propulsion
engine insgtallation in the YP-80A airplane has been conducted in the
Cleveland altitude wind tunnel at the request of the Air Materiel

~Conmenc., Avmy Aug Forcem, - Over-all engine charasctorigtics of the

instal;a‘blon are gresnnted. in refercnse 1.

One of the objectives of tl.e tests wag to investigate the com-
pressor characteristics ‘and dstermine how effectively the compressor
operated in this engine. The 'over-all efficiency of a turbojet engine
is directly devendent on the geparate efficlencies of its component
narts. In order to obtain the maximum possible efficiency from the
e_iigine, the compressor must therefore be operated as near peak effi-
ciency as-possible. An analysis of the pexformance characteristics
of: the I-40 compressor is presenbed in thig report. The compregsor
characteristica are presented as functions of corrected air flow and
compressor Mach num'ber.

Wind-tunnel tests of this compressor installed in the I-40 engine

_were made at simlated altitndes ranging from 10,000 to 40,000 feet

and ram-press.re ratios from 0,98 to 1,76. The comp‘reesor Ma,ch nuriher

. varied from 0,72:2t minim:um eng ne speels to 1.46 abt meximum engline

speed. 3 '

DES"RIPTIOI\I OF GOMPRESSOR

- The General Electric I-40-3 compiressor is a double-inlet cenbtrif-
ugal type consigting of three principal parts: the impeller, the
Giffuser, and the casing.

The 31-blade d.ouble-entry impeller (fig. 1) ha.s two asets of bladea
that discharge into a common diffuser.. The outlet dlemeter of the .
impeller ig 30 inches and the ratio of outlet-to-Inlet dlametexr 1ls 3.5.
The impeller-hub length is 11 inches and the over-all width of the
impeller at the blade tip is 2.75 inchez. The impeller is secured by
bolts between two {langed shafts and notates on a ball thrust bearing
at the front and a roller bearing at the rear (fig. 2). Front and
rear impeller-face clearances are 0,045 and 0.055 inch, respectivel,
The impeller-annulue micen clearances at front and rear are 0,032 and
0,061 inch, respectively. '

The diffuser has 14 vanes, equally spaced around the compressor
verivhery (fig. 3), which direct the air inte 14 air adapters leading
to the combustion chambers. Diffuser elbows, containing four turning
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vanes each, so direct the air flow that it enters the combustion
chembers axially. The compressor casing, which has emooth interior
surfaces, is bolted to the diffuser.

Protective S-mesh screens made of 0,036-inch-diameter wire were
installed over each compressor inlet., The combined inlet area, front
and rear, to the campressor measure.. at the screens is approximately
6.53 square feet, The compressor-outlet area, measured at the point
of ingstrumentation, station 4 (fig. 4), is a.pproximately 1.62 square
feet,

The compressor wes designed to develop a pressure ratio of 4
with an air flow of 80 pounds per second at an engine speed of
11,500 rpm at sea level.

INSTALLATTION

The I-40 engine installed in the YP-80A airplane was mounted in
the 20-foot-diameter test section of the Cleveland altitude wind .
tunnel, Air entered the airplane through inlets on both sides of
the fuselage near the wing fillets and flowed through ducts into the
plonum chamber surrounding the engine, The air then entered the
openings of the double-entry compressor (fig. 4).

Two configurations were employed to simulate static and flight
conditions. For static tests, air was taken from the tunnel test
section through the airplens inlet ducts; for flight conditions, air
was conducted from the tunnel make-up air system to the.airplane
inlet ducts through a Y-shaped ram duct. The air flow in the ram
duct was regulated by means of a buttexrfly valve located approximately
147 feet upstream of the inlet ducts. This air was throttled from
approximately sea-level pressure to the pressure corresponding to the
desired ram-pressure ratio at the desired altitude.

The YP-80A airplane installation also includes e tail pipe
19 inches in diameter and 93 inches long.

INSTRUMENTATION
The engine was extensively instrumonted as shown in figure 5.

The comprezsor instrumentation was located at stations 2, 3, and 4
and the tail-pipe instrumentation at station 8 (fig. 4).

ReSTRICTED
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The front compressor-inlet instrumentation (station 2) consisted '
of 14 total-pressure tubes and 7 thermocouples. The rear compressor-
inlet instrumentation (station 2) consisted of 28 total-pressure tubes
end 14 thermocouples. The instrumentation was mounted on the engine
truss-ring support and equally spaced over a surfa.ce 3 inches above
the compressor-inlet screens.

Dur-ing one phase of the testing, three rakes of five total-
pressure tubes each and one rake of five static-pressure-tubes were
placed immediately forward of the impeller in the front compressor
inlet, One of these rakes is shotm at station 3 in figure 5. The
rakes were located at a.pproximately 90° intervals.

The compressor-outlet instrumenta.tion consisted of three rakes
of five total-pressure tubes and four thermocouples placed diagonally
across three alr adapters equally spaced circumferentially around the
engine, The tail-pipe-nozzle outlet instrumentation was composed of
a rake of 18 total-pressure tubes, 3 static-pressure tubes, and
10 thermocouples. Two sets of static-wall orifices Were placed 90°
apart around the periphery of the tail pipe 1 inch upstream of the
outlet end of the tail pipe.

TEST CONDITIONS

Tests were conducted at simulated altitudes of 10,000, 20,000,
30,000, and 40,000 feet and rem-pressure ratios of 0.98, 1.09, 1,20,
1,52, 1.53, and 1.76. The totwl pressure in the engine plenum chamber -
was maintained at the proper value to simulate & desired ram-pressure
ratio at a given simulated altitude. ' NACA standard conditions of
temperature were reasonably maintained in the tunnel test section and
the engine plenum chamber for each simulated altitude and ram condi-
tion., For each condition of altitude.and ram-pressure ratio, the
engine was run ovexr its full range of operable speeds.

During static conditions, velocities from 76 to 127 feet per
scconé were induced in the tunnel test section by the ejector effect
of the Jet and by the tunnel exhaust scoop, which was located in the
alr stroam inmmedlately downstream of the test section,

- wh
'.l'§
;|

L ]

-y
Py =
.,»f.\:
e
v
' 3
presee
e




RESTRICTED

NACA RM Nc. E6Jo2 5

SYMBOLS

The symbols and the necessary values used in this report are:

A area, (sq ft)
a speed of sound in air, (ft/sec)
cp specific heat of gas at constant pressure;, (0.241 Btu/1bv/°R)
D diemeter of rotor, (ft)
acceleration of gravity, (£t/sec?)
J mechanical equivalent of heat, (778 f£t-1b/Btu)
K8 gas-flow calibration factor for tail-pipe-nozzle outlet
reke, (0.964)
M, compressor Mach number
N engine speed, (rpm)
P total pressure, (1b/sq £t absolute)
? static pressure, (1b/sq £t absolute)
R gas constant
T total temperature, (°R)
Ty indicated temperaturs, (°R)
t static temperature, (°R)
Uy rotor tip speed, (ft/sec)
W weight flow, (1b/sec)
a thermocouple impact-recovery factor, (O..86)
y ratio of specific heaus, (cpycv)
e ratioc of absolute compressor-inlet total temperature and

NACA standard sca-level temperature (T,/519)
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o) ratio of compressor-inlet total pressure and NACA standard .
gea~level pressure

% comprecsor efficiency, (percent)

v COmpressor=-pressure coefficiont

Sﬁbséripts : .

0 ambient, or frec-stream, conditions

2 average compressor inlet

3 comprossor face

4 camproessor outlot

5 turbine-~nozzle inlet

8 tall-pivo-nozzle outlet

a air 3

c - compressor

T fuel

g gas

n  turbine throat

8 tail-pipe-nozzle outlet shell

x annular increment of area in tall-pipe-nozzle outlet

The following parameters are generalized to NACA standard atmospheric
conditions at sea level:

Wy af6 i
a0 corrected air flow, (1b/sec)

e corrected engine speed, (rmm)

N

Bn. Cu T %) :’
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METHODS OF CALCULATIOHN
Ram-~Pressure Ratio

Ram-pressure retio is the ratio of the average of the front and
re7r compressor~inlet total pressures to the tunnel static pressure,
Pz Poo

Mach Number

The compressor Mach number is defined as the ratio of the tip
speed of the compressor blades to the velocity of sound corresponding
to the total temperature of ike inlet air, Mach number is represented
by the dimensionless ratio

Mc =H_11= DN
as .60 773RT2

Tempersiures

The compressor-outlet total temperature can be calculated from

- 1-@ \/W‘%

Because compressor-outlet static pressure was not measured, indicated
temperature and total pressure are used instead of static temperature
and static pressure, respectively, 1in this equation. This substitu-
tion introduced a negligible erro:r in the impact-recovery correcticns,
The thermocouple impact-recovery factor o was determined from cali-
bration tents run on representative thermocouples of the type used,

The total temperature at the compressor inlet is assumed to be
equal to the indicated temperature because the velocity at the com-
pressor inlet is low., This agsumntion introduced an error of less
than 0,2 percent.

Alr Flow

Gas flow was calculated from tail-pipe-nozzle outlet (station 8)
measurements of pressure and temperature, Becausc the surveys across
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the tail pipe were nonuniform, the area was divided into a series of
ennuli and the gas flow calculated through each annulus, A summation

of thess incremental gas flows 1s the total gas flow through the engine,
The following equation was used:

~

zzL | 21

s c
2\7? PN\7 -
(55 --2I.J-|-c:.<‘-1?E a-lJ
2 x B X
Wg"<Kng‘V'(_zs_]_7 ) Agal= T >0

-

where C 1s the correction factor for expansion of the tall pipe at
high temperatures:

C =14+ 1.8 x 1075 (7, - 520)

A derivation of the gas-flow equation is presented in reference 1,
Fuel flow was then subtracted from the gas flow in orxder to obtaln
the air flow:

W = Wy - Wp

.

Efficiency

The following equation was used in calculating compressor
.- efficlency:

pindy
7
Pg\
Pa
Ty

= 0
Tz

-1

e =

where the value of y is assumed to be constant at 1,393,

o 4]
: ¢

huh‘;ﬁiiiébsLiﬂ
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Pressure Coofficient

The pressure coefficient is the ratio of the work of adiabatic
compression between initial and final pressures and the theoretical
work of adiabatic compression in a channel rotating with the same
tip speed as the compressor tip speed. The eguation for compressor-
pressure coefficient is

‘Ll
8J 4 7
v-22n() -
t .

RESULTS AND DISCUSSION
Method of Analysis

Complete compressor performance characteristics are usually
presented by the use of the compressor-pressure ratio and the cor-
rected air flow as variables. A full range of operating character-
istics such as determined from compressor dynamometer-rig tests was
Impossible to obtain during altitude-wind-tunnel tests of the com-
Plete engine because significent air-flow variation at a given speed
was impossible. Performance characteristics were therefore determined
only at conditions set by the over-all operating characteristics of
the complete engine and are presented in the form of an operating
line. Figure 6 is an example of the operating line, which represents
the relation between the compressor-pressure ratio and corrected air
flow when the engine speed is varied. The operating line may also
be represented by the relation between compressor-pressure ratio and
compressor Mach number. Both representations of the operating line
are presented in this report.

The position of the operating line with respect to its coordinate
i1s a function of the turbine-nozzle area and the ratio of the turbine-
nozzle-inlet temperature to the compressor-inlet temperature, as will
be shovn. When the pressure ratio across a nozzle is above the crit-
ical value (epproximately 1.89), the flow through the nozzle is
approxirately equal to

Py
oo 1

a ;
Tg
where K 1s a constant.
prorTae "‘"‘EF
(i sz’iui i)
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From the foregoing equation and the definitions of & and 6,
the corrected air flow in the critical-pressure range is approximately
equal to

P57s

Waﬁ P?
TRy

T,

where Kl is a constant. Inasmuch as the total-pressure drop across
the combustion chawbers is small, Ps/Pz is very nearly equal to the
compressor-pressure ratio P4/P2 , @&nd it is apparent from the pre-

ceding discussion that the only operational variable that affects the
relation between the corrected air flow and the compressor-pressure
ratio is the ratio of the temperature of the gases at the turbine
inlet to the temperature of the air at the compressor inlet. In addi-
tion to the foregoing factor, the back pressure on the turbine nozzle
affects the air flow when the pr¢ssure across the nozzle is less than
the critical value.

The performance characteristics presented were determined from
instrumentation located above the compressor-inlet screens. This
method of determination penalized the compressor for losses through
the inlet screens and the compressor-inlet ducts. These losses,
determined from the compressor-face instrumentation, varied from
3 percent:of the absolute total pressure et maximum engine speed to
a negligible amount at low engine speeds. The decrease in compressor
efficlency resulting from the inclusion of the inlet screen and inlet
ducting as part of the compressor amounted to about 2 percent at
maxinum engine speed.

Position of Compressor Operating Line

Compressor performance date taken at several altitudes are gen-
eralized by applying correction factors that account for variations
in Mach number of the air stream at the compressor inlet. When the
data were generalized in this manner it was found that the compressor
operating line was independent of variations in altitude (fig. 6).
The correspondence among the results when corrected for changes in
the Mach number that accompany changes in altitude show that the
varietions in the Reynolds number which also accompany changes in
altitude have little or no effect on the I-40 compressor performance.
The double abscissa scale on figure 6 indicates the relation between
compressor Mach number and corrected engine speed.

L )
" ?k"
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At lowv compressor Mach numbers, an increase in ram-pressure
ratio at a gliven corrected air flow caused a decrease in the
compressor-pressure ratio and a shift in the operating line to the
right with respect to the coordinates (fig. 7). At high compressor
Mach numbers, the effect of increased ram-pressure ratio was
negligible.

Compressor Efficiencies

The altitude effect (Reynolds-number effect) on compressor effi-
ciency is negligible as shown in figure 8(a). A meximum compressor
efficiency of 72 percent was obtained at static conditions (fig. 8(b)).
This value was maintained from minimum corrected air flow to a
corrected air flow of about 70 pounds per second, where it began to
decrease gradually. These corrected air flows correspond to minimum
compressor Mach number and a compressor Mach number of 1.12, respec-
tively. An increase in ram-pressure ratio at low corrected air flows
(1ow compressor Mach numbers) decreased the efficiency. At high
corrected air flows, ram-pressure ratio had a very slight effect-on
efficiency. :

The compressor efficiency characteristics are presented in
figure 9. This curve is constructed from the operating lines pre-
gsented in figure 7 and the efficiencies presonted in figure 8. The
operating line appears to pass to the high-air-flow side of the
region of maximum efficiency on the efficiency-contour plot.

Pressures

The relation among compressor-pressure ratio, compressoxr Mach
number, corrected engine speed, and corrected air flow has been dis-
cussed. The maximum pressure ratio across the compressor was 4.55.
At this pressure ratio, the corrected air flow was about 83 pounds
rer second and the compressor Mach number was 1.4S.

Compressor-pressure coefficlents are presented in figures 10
and 11 in the same manner that the compressor efficlencies are pre-
sented in figures 8 and 9., The altitude effect on the relation
between compressor-pressure coefficient and corrected air flow was
negligible (fig. 10(a)). Figure 10(b) shows that an increase in
ram-pressure ratio caused a decrease in the pressure coefficient at
low corrected air flows (low compressor Mach numbers); however, at
high corrected air flows (high compressor Mach numbers) the ram-
pressure effect on compressor-pressure coefficient was negligible.

nreTniaTe
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The maximum pressure coefficient obtained for the compressor was 0.65
(fig. 10). The pressure coefficient was prectically constant at this
value at static conditions throughout the full range of tests.

The contours of the constant-pressure coefficients presented in
figure 11 show that the compressor operating line for a ram-pressure
ratio of 0.98 coincides with the meximum pressure-coefficient contour
of 0.65.

. A total-pressure survey across three air adapters (station 4),
conducted at eight different engine speeds varylng from the lowest
operable speed to a maximm speed of 11,500 rpm, showed constant
" pressure distribution across each air adapter as well as negligible
Pressure variation from one adapter to another.

- - Performance at Corrected Engine Speed of 11,500 rpm

At a corrected engine speed of 11,500 rpm, the compressore
pressure ratio was 3.95 and the corrected air flow was 77 pounds per
second. At these conditions the compressor efficiency was 69 percent
and the compressor-pressure coefficient was 0.65.

Compressor surge, which is indicated dy intermittent reversal
of flow at the compressor outlet, was not encountered at normal
engine operating conditions. Attempts to produce compressor surge
at low altitudes and low temperatures were unsuccessful.

SUMMARY OF RESULTS

; The results from the investigation of the performance of the
centrifugal compressor in the General Electric I-40 Jet-propulsion
engine are summarized as follows:

1, From results obtained over a wide range of altitudes it was
determined that the.ccmpressor performence is primarily dependent
on the compressor-inlet Mach number. Variations of Reynolds number
in the air at the compressor inlet that accomparny changes in altitude
have no appreciable effect on the relation among corrected air flow,
compressor-pressure ratio,. compressor Mach number, compressor effi-
ciency, and compressor-pressure coefficient.
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2, Increased ram-pressure ratio at low compressor Mach numbers
caused a shift in the compressor operating line so that a decrease
in compressor efficlency, compressor-pressure coefficlent, and
compressor-pressure ratio occurred at a given corrected air flow,.
At high compressor Mach numbers, ram-pressure-ratio effects were
negligible.

3. A maximum compressor efficiency of 72 percent was obtained
at static conditions. This value was practically constant from the
minimum compressor Mach number to a Mach number of 1.12, where the
efficlency began to decrease. At high compressor Mach numbers,
increasing the ram-pressure ratio had a negligible effect on effi-
ciency, but at low compressor Mach numbers the efficlency decreased
with increasing rem.

4. The maximum pressure ratio obtained was 4.55. The corrected
alr flow at this pressure ratio was approximately 83 pounds per second
and the compressor Mach number was 1.45.

5. The maximum compressor-pressure coefficient obtained in the
teats was 0.65. The pressure coefficient remained practically con-
stant at this value at static conditions throughout the full range of
testing. Ram-pressure ratio had a negligible effect on compressor-
pressure coefficient at high compressor Mach numbers, but at low
compressor Mach numbers the compressor-pressure coefficient decreased
with an increase in ram pressure. '

6. At a corrected engine speed of 11,500 rpm, the compressor-
pressure ratio was 3.95 and the corrected air flow was 77 pourds per
second. At these conditions the compressor efficiency was 69 percent
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and the compressor-;preesure coefficient was 0.65. At low altitude
and temperature, special attempte to make the compressor surge were
unsucceseful.
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Figure 1. - General
impeller.
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1-40 centrifugal-compressor
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Figure |. - General Electric 1-40 centrifugal-compressor
impeller.
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-Figure 3. - General Electric 1-40 diffuser showing vanes
around periphery and turning vanes in diffuser elbows.

RESTRICTED



Fig.

RESTRICTED

NACA RM No. E6402

couvjdiie V0B-dA Ul poj|eisul dulbus uotsindosd-31al Qgv-1 21412913 |Qa3ua9 - 'y @aanbi4

SO LNVNGYIV ¥O4 33410MN0D
ANOSIAQY WNOILVN

S W

o
=

(- WEaTe

W

L

]

bk d

\\\
Y/
0 Ay ZE ¥ ‘ ; 8
888 jsnEyxe pus J® 318juU| — i ¥
.V L
1913n0 9jzZou-add-| 8] @ soe; s08sesdwod €
I9ju| 9| ZZOU~BUQuNLt & s39juy JosseJdumod T
191100 Joesesdwo) ¥ wseJsle s8ad O
UO(3818 UO|3IRIUBENIISY]|
LGE+09
e~ o e
.. ."..“ " »
- e & ese
* L ] * *
e o e



RESTRICTED

E6J 02

RM Nol

NACA

Fig. 5

I.Q . L ﬁQIWﬂﬁ . 2

*uoi}RlUAWRIISU) 30
vot1i1e20] Guimoys @uibue uoisyndoad-31af Qp-1 21232913 jLI3UdD j0 Buimeusq - °g aunb14

ENAWIONIY 804 3321IMN0)
ANOSIAQY TWHDI AV

F—
Tarmi

-
b 3
Sl

P 4

g
L
s

9 ]

saniwsadua) puw 2ansSsesd 9103 19| U|~J0880.dw0OD V04

Laaans 2.n8sead=930] 908, -208802dw0d JU0JS

sinijesedwe)l puw sunssead (w301 IP|U;=-J0SSeaduOd el

sanssoad w30} 10 ui=208S3.dwod LWl

Loaans 2ini1viadwel pu® Sanssaad 31301S PUT R3O 39|3IN0 B ZT0u-3d1d=| Wl
(VIVYN) Leaans aanyviadwe)] puw 9unsseJd | w30} 12|1N0-105S0sdw0)

(°3°9) Leains siniwviedwal puw 2anssdid 19101 19|3IN0-.0SSRIduOD
aanjeaadwd) 19U} | ZZ0u-BuiQIn}

eanssead (w103 19 |U] 9 TZOU-BU|QINY

einssead 511918 19]1IN0 IjZZov=-sdid=-|W]

CQUOWLUYI =



RESTRIGTED

NACA RM No. E6J02

Compressor-pressure retlo, Pg/Pg

Fig. 6

NATIONAL ADVISORY I
COMMITTEE FOR AERONAUT ICS

mAte
[ ’ ted
T

10,000
20,000

30,000
40,000

bODO

L

'

T

1) 5

Corrected air flow, WeV3/0, 1b/sec

%

(a) Melation between oompressor-preseure retio and ecorreeted air flow.
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(b) Relation boh‘on compreeeor-pressure ratio and compressor Mach number,

Pigure 8.~ Effect of altitude on compreesor operating line at ram-

pressure ratio of 1.80.
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Fig.

Compressor-pressure ratio, Py/Pg
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{b) Relation between compressor-pressure ratio and compressor Mach number.

Pigure 7.- Bffect of ram-pressure ratio on comprezsor ‘operati line at
simulated altitude of 38 s )
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(a) Effect of altitude at ram-pressure ratio of 1.20.
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(v) Bffect of ram-pressure ratio at simulated altitude
of 30,000 feet.

Pigure 6.- Relation between corrected air flow and
compressor efficiency.
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Compressor-pressure ratio, P¢/Pp
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Fig. 9 NACA RM No. E6J02
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NACA RM No. E6J02 Fig. 10
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(b) Effect of ram-pressure ratio at simulated altitude
of 30,000 feet.

Pigure 10.,- Compressor-pressure coeffiocient.
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Fig. 11

Compressor-pressure ratio, Pg/Pg
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Figure 1ll.- Pressure-coefficient contours at simulated

altitude of 30,000 feet.
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