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PERFORMANCE OF THE lSX:B 10 STAGE AXIAL-FIDW COMPBESSOR

) By Richard M. Downing and Harold B, Finger _'

. SUMMARY -

An Investigation has heen conducted to determine the performance
characteriatics of the 10-stage axial-flow comxpressor for the 18XB jet-
propulgion engins. Initial performance data were taken with inlet
conditions of 59° ¥ and 14 inches of mércury sbasolute over-a range of
spesds from 3400 to 17,000 ¥pm with interstage instruments installed
and with normal air leakage past the rotor rear air seal. The effects
- of interstage instruments, of air leakage past the rotor rear air seal,
and of inlet alr conditions weré then separately evaluated,

_ At the design speed of 17,000 rpm tlhe compressor had g peask adis-
batic temperature-rise efficiency of (.72 snd developed a presgure

ratlo of 3.72 at a weight flow of 33,8 pounda per second. A maximum

efficliency of 0.75 was obtainsd at the equivalent speed of 15, 300 rpm,

The- removal of the interstage instruments increased the weight
flow 2.2 percent and the peak temperature—riee efficiency 0.03 at the
design speed. The elimination of the air leakage past .the rotor rear
air seal at the design speed decreased the peek adiabatic temperature-
rige efficiency 0,04, decreased the equivalent. welght flow 5 percent,
and . increaged the-geak pressure ratio 0,25. A change -in the inlet
conditions from 59° F and 14 inches of mercury absolute to ~59° .F and
6.5 inches of mercury absolute increased the peak pressure ratio at
design gpeed 0,74 end decredsed the weight flow by epproximately
6 percent, The results of the surveys with the interstege instruments
located in each stator row end the first row of outlet guide vanes
indicated that some nonuniformity of blade loading existed and that a
considersble loss of total pressure was occasioned by the outlet guide
vanes,
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INTRODUCTION

The 19XB compressor, which replaces the 19B compressor (refer-
ence 1) and has the same length and diameter as the .19B compressor,
was designed with 10 stages to deliver 30 pounds of alr per second
for a pressurs ratio of 4.17 at an equivelent speed of 17,000 rpm;
the 19B was deaigned with glx stages for a pressure ratio of 2.7 at
the same welght flow and speed as the 19XB compressor. The perform-
ance characteristice of the new compressor were deteymined at the
NACA Cleveland laboratory at the request of the Bureau of Asronautics,
Navy Department.

Resulte are presented of the invegtigation made to evaluate the
over-all perfoymance of the compreascr, the effects of possible
leakage past the rotor rear air seal, the effects of Inserting instru-
ments in each row of stator bledes and in the first row of outlet
guide vanes, and the effects of changing the temperature and the preg-
gure of the inlet alr. The results of the Interstage surveys are also
pregented. . .

19XB COMPRESSOR

The construction of the 10-gtuge axlal-flow campressgor, used in
the 19XB jet-propulsion unit is similar to that of the glx-atage
198 c¢ampresgsor described in reference 1. A photograph of the agsem-~
bled 10-stage compressct with the upper half of the casing removed -
is shown in figure 1. A cross-sectional drawing of the compressor
with the principal dimensions is given in figure 2; the path of pos-
gible alr leakage paat the rotor rear air seal is also ghown,

The cast-aluminum inlet section and the discharge section are
the same as those of the 19B compressor (reference 1). Fairing
inserts were installed on the inner and outer walls after the outlet
guide vanes to give a straight annular passages for the discharge
measuring station. The gplit stator caging differs from that of the
19B compregsor only in the number and spacing of the circumferential
grooves for the stator-blade outer shrouds, The rotor of the .
19%B compressor is constructed in four sections, whereas that of the
19B was machined from & single aluminum-alloy forging. ‘The forward
section of the 19XB rotor consists of seven blade rows machined from
a8 single aluminum-alloy forging, The rear sectlon, which was bolted
tao the aluminum section, conslets of three disks, each machined fram
& separate atesl forging. A steel sleeve pressed on the aluminum -
gection of the rotor formg the front bearing Jjournal. The rotor ia
rilgidly connected to the drive shaft, which is supported by the two
rear bearings, In the Jet-engine Installation, the rigid connection

- G
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permits the thruet of the compressor to oppose that of the turbine
and thus relieves part of the loed on the thrusk bearing.

The design of the blading for the 19XB compressor siresses
simplicity and ease of manufacture rather than any particular airfoil
shape. As recélved from the manufacturer, all the blading of the
compressor waa nlcked and pitted from previous running of the complete
jet engine, but the tosts were made with these blemighes, Mogt of the
blade angles had been changed from thelr original design vaelues by
plastically deforming the metal at a point approximately one-fourth
inch from the root of the blades. Table I llgte the design specifi-
cations (including these deformations) for all the compressor blading.

The inlet-guide-vane dlaphragmn consiste of 55 aluminum blades
Fltted and peened into circular staeinless steel inner and outer
shrouds. The bledes have gymmeitrical sections and are twlated approx-
imately 8° from the root to the.tip; these blades are not tapered.

The stator blades are mede of stainless stesl and are fitted and
peened into semicircular stainless-stesl ghrouds, making it poseible-
to assemble separately sach half of the casing. Each half row of
blades is held in place.by two locking screws. With the exception
of the first stage, the stator blades have circular-arc cember lines.

The rotour blades are machined of steel and f£1it into cylindrical
dovetall grooves in the rotor disks; the blades are held in place by
atalnless-steel locking keys. All of the rotor blades have a ¢ircular-
arc camber line except the first and second stages at the hub., The
blade fillet radius for all the rotor blades is approximately one-
eighth inch,

The rotor and stator blades of the 19XB compressor had a smaller
camber angle at the tip and a larger camber angle at the hub than the
blades of the 19B compregsor.  In general, the 19XB blades were
thicker, had a smaller chord length and had slightly more twist than
the blades for the 19B compressor,

APPARATUS AND INSTRUMENTATION .
Apparatus
The 19XB compressgor was installed in the same rig as that used
to investigate the performence of the 19B model (reference 1), A

drawing of the setup is shown in figure 3. The compressor was driven
by a 2500-horsepbwer induction motor in conjunction with a magnetic
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coupling and two epeed-Iincreasing gear boxeg. The speed of the
compresgor was varied by the magnetic coupling and was held at thea
desired value by an slsctronic control syatem.

"The refrigerated«air gystem supp]ied a limited quantity of dry
air at temperatures as low. as -70° F. The refrigerated alr was
inducted through a submerged adjustable orifice and a butterfly valve
and 6 feet in length. Three enreens'warq located at the. midsection
of this tank (flg. 4) toegualize the air velocltises. A wooden
bellmouth was fitted to the compregsor inlet to lnsure uniform air
flow into-the compresmor. The air leaving the compressor was dig-
charged into a collector through a, straight annular dlscharge passage
formed by the fairirng Ingerts. A screen aof 60-percent cpening was
placed at the end of. the discharge section of the compressocr to
decreage any apymptry In flow within the compressor ceused by ths
two radisl outlet ducts, - The outlet .ducts, which were attached to
the collsctor by a flexible coupling, were connected to the laboratory
altitude wxhaust system. The inlet duct, the depréssion tank, the
compressor caging, and the collector case were lagged with l/z-anh
agbestos and covered with 4 inches of hair felt to minim1ze oxternal
heat transfer.

Inasmuch as the pexformance of the compressor varies with the
rate Of—ailr leakage past the rotor rear alr seal, provisions were made
to plug the holeg in the rear houslng support with copper plugs. The
uge of these plugs enabled the leakage to be raduced to 8 minimum
value.

Instrumenﬁation

The instrumentetlon of the compresgor was simllar tto that of the -
19B compressor. The inlet air was metered through the submerged
adJustable orifice.locdted in ths inlet duct bpefore the depression
tank. The static-pressure drop acromd the orifice was indicated on
a water manometer and all other pressures, on a common-vell mercury
menometer. The temperatures were measured with callbrated ilron-
conastanten thermocduples. A bath of melting lce gerved as bthe common
cold Junction for a&ll thermocouples and the thermal electromotive
foros was read with a sensitlve potentiometer in conjunction with an
external spotlight galvanometer,

Inlet-air carditions were messured in the depresgion tank as
ghown in figure 4. Becausge the diameter of the deprovssion tank was
large, the velocity presgsure at. the inlet moeasuring station was neg-
ligible and the total pressure was measured with two wall static-
pregsure taps. The inlet-alir tomperaturc was measured with three-


http://www.abbottaerospace.com/technical-library

NACA RM No. EBLO4 : G 5

unshielded thermocouples; one thermocouple was located at the center
of the air stream and the other two were placed 180° apart extending
approximately one-sixth tank dismeter into the air strean,

Conditions of the discharge air were measured halfway between
the outlet guide vanes and the second bearing support struts in the
annular area formed by the fairing inserts. Four wall statlc-pregsure
taps were located at the discharge measuring statlion g0° apart cir- -
cumferentially on bosh the :innsr and outer walls. Six shielded axial-
vent temperature probes were locabted 60° apart and spaced at the '
centers of equal annular area elements in & spilral pattern.

The interstage instruments were located to measure the pressure
and temperature - halfway between the hub and casing and also midway -
between the leading and trailing edges of the blades in sach stator
row. In each of the stator rows. and in the firsgt row of the outlet
guide vanes, the total pressures were taken at three circumferential
locations approximately 120° aspart. Thesge pressuresg were measured
with straight cylindrical tubes, which had a 0.030-inch hole located
one<half inch from the end of the tube. Temperature probes were
located in the same axisl plane and approximately 1,(_)0 from each total-
pressurse tube. ‘ '

A surge-detecting apparatus consisting of ‘a pitot tube inserted
in the outlet duct and connected to a cathode-ray oscilloscope through
& presgure capsule was usged to determine eny unatable operating
condition. -

METHODS AND PROCEIURE -

Pregentation of data. - HACA standard sea-level conditions
(29.92 1in. Hg sbsolute and 59° F) were chosen as the basis on which
all data were corrected. Adiabatlic temperature-rise efficisncies g,
total-pressure ratio P, /Pl, and pressure coefficlent ¥ are plotted
ageingt the eguivalent welght flow ,wﬁ/a . for various values aof
equivalent speed N/ 6 - -

Thege parameters can be defined as follows:

N adlabatic temperature-rise. efficlency B
; - 1 e
/P \7
z |{ % ) -t
N = = :
T Tp - T
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pregsure ratio

( 2gtqq -
presgsure coefficient —
nU
T

equivalent welght flow

equivalent GQmpreséQr gused PR

acceleration of gravity, feet per second per second,

lgsentroplic 1lncreass in total centhalpy por unit of mass for
given pressurc ratlo, foot-pounds por pound

rotor speed, rpm‘<:‘:h__ I e

number of stages

total pressure, pounds per square inch absolute

total temperature, °r

rotor tip spsed, feet per second

welght flow, pounds per second

ratio of gpecific hoats

ratio of inlet-air pressure to NACA standard sea-level prosgure

ratio of inlet-air temperature to NACA standard sea- level
temperature : -

The subscripts 1 -and 2. designate the inlot and outlet stations,
regpectively. o

The outlet total pressure used was calculated fram the measured
static pressurq'weight flow;and temperature by the method &lven in
reference 1.

e
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Tests. - All teste were made by holding speed, inlet-alr temper-
ature, and inlet-air pressure at a set value and verying the volume
flow of air from meximum (limited by laborstory refrigerated-air
gyster1) to the flow just preceding incipient surge.

With interstage instruments installed and alr loakage permitted
a series of rune wae conducted with an inlet-air temperatburc of 55°
and en inlet-air pressure of 14 inches of mercury absolute over a
range of equivalent speeds from 3400 to 17,000 rpm in incremouts of
1700 rpm. Because instruments have an adverse effect on the pertorm-
ance, a series of points was tun at an equivalent spood of 17,000 rpm
with the instruments ramoved to dctermine the effect on the ovor-all
porformancea. : .

With the air leakage past the rotor rear alr seal eliminated, a
serios of points with interstage instrumentatlion were run at egulv-
alent speeds of 8500 t0717,000 rpm with an inlet-air temperature of
59° F and an inlet-air pressure of 14 incheg of mercury sbsolute to
determine the effect of leakage. This series was repeated for three
equivalent speeds (13,600, 15,300, and 17,000 rpm), bubt with inlet
conditions of -58° F and 6 S inches of mercury abgolute to give &
comparison of performance with two in}let conditions.

A summary of ths operating. conditions is given in the following
table: .

Equivalent Inlet-air Inlet-air
speed, N/+/€ |pressure, Pq|tempera- .
{rpm) (in. Hg , |ture, T Remarks
absolute) (O
3,400-17,000 14 - -89 Instruments and
_ leakage
17,000 14 59 No instruments
' end leakage
8,500-17,000 14 S8 Instruments and
: no leakage
13,600~17,000 6.5 -59 Instruments and
no leakage -

The precision with which all measursmsnbs were mads i1s estimated
to be within the following limita: ‘

Temperatl:re’ OF « « 0 « @ ' . ‘o . . . . 8 s . r = - . .« » 3 » :1:0 . 5
Pressure, inches of MOYCUTY « « « o « o « o o« o+ + o o o o o« »£0,02
Weight flow, percent . « « o « « ¢ « « ¢ ¢ o o o« « « o« « « *1,0

Compressor speed, percent . . « « « « o ¢« s ¢ o s 6 o p s « o 0.5
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Several possible sourtces of error may have affected the Final
rosults: (a) discharge measuremsnts taken in the wekes of the outlet
gulde vanes, (b) flow distortion caused by interstage instruments,
and (c) air leskage past the rotor rear air sesl, which affected
weoight flow, pressure, temperature, and surge characteristics of the .
compresgor and caused tha resultes to be somewhat unrelisble.

RESULTS AND DISCUSSION

All values of spesd and weight flow given in the following dia-
cussion are corrected to NACA sea-level conditions. The results
obtained from the runs with Interstage inetruments installed and air
leakage permittod are presented as the baslc over-all performance
data. The run with the interatage instruments removed ensbled the
effects of the instruments to be ovaluated and the runs with the
leakage path blocked onabled the effects of leakage to be discussed,
The results of the interstage measurements permitted the effoctive-
neas of each gtags to be determined.

Campreggor performancs. - The performence of the compresgor is
shown in flgure 5 over a range of equivalent speeds from 3400 bo
17,000 rom 1in increments of 1700 rpm with interstage instruments
installed and with air leskege permitted to pass the rotor rear alr
seal. The Inlet conditlons of temperature and pressure were 59° ¥
end 14 inches of mercury absolute, respectively. The peak efficilency
increaged from 0.64 at 3400 rpm to a maximum value of 0.75 at
15,300 rpm and then dropped to (.72 at 17,000 rpm where data may not
have been taken near enough to the surge polnt. Same difficulty was
experienced in detecting the exact surge point of the campressor,
particularly at the high speeds, because the surge-detecting apparatus
was gensitive to all dlsturbances and because sxtreme caution was
taken not to surg® the compresaor vioclently. The peak pressure ratio
was increased from 1.08 to 3.72 From eqgulvalent spseds of 3400 to
17,000 rpm, respectively. The peak pressure coefficient was approx-
imately constant at 0.26 up to 17,000 yrpm where it dropped slightly.
The meaximum welght flow at the design speed was approximately 10 per-
cent higher than the deslgn value of 30 pounds vper secondi. At an
equivalent gpeed of 13,600 rpm, the pésk pressure ratlio apparently
is low but the temperature-rise efficlency has nearly reached the
peak value. The data for this performance curve may not have been
taken sufficliently near the surge point. At the design gpeed, the

~presgure ratio of the 19XB coumpresgor was obsgerved to.be higher and
the temperature-rise efficiency slightly lower than that obtained
from the 198 compressor (reference 1). 4n. exnlanation for the lower
temperature-risg efficiency in the 19XB investigation than in the
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19B investigation 1s that the peak pressure ratioc may not have heen
obtained. Different amounts of leekage in the two compressors may
also have caused a difference in efficiency.

Effect of interstage instruments. - When the interstage imstru-
ments were removed, the weight flow through the compressor was
increasged about 2. 2 percent and the peak temperature-rise efficiency
about 0.03 (fig. 6) at 17,000 rpm. The difference in peak pregsure
ratio-was small, however; which ghows that the difference in effi-
-ciency 1ls due to a change in the temperature rise. The wakes produced
by the instruments Increased the work done by the compressor blades
and thereby increased the temperaturs ratio and possibly ths pregsure
ratio. -The increased pressure losses causéd by the instrumentation,
however, nullified the possible increase in pregsure ratio. “

Performence with no air leakage ‘through rotor rear air seal. -
The performance of -the compressor ie shown in Tigure 7 with the
leakage past the rotor rear alr seal eliminated. Thesge TUNE Were
mede with inlet-air conditions of 59° F and 14 inches of mercury
abgolute and over & range of eguivalent speeds from 8500 to .
17,000 rpm.  The adiabatlc temperasture-rise efficiency increased from
0. 69 at 8500 rpm to 0.72 at 10,200 rpm and dropped to 0.68 at
17,000 .rpm. - The peask pressure ratlo increaged from 1.61 at 8500 rrm
to 3.87 at 17,000 rpm. The pressure coefficient decreased from Q.27
at 8500 rpm to 0. 22 at 17,000 rpm.

A comparison of the.performence of the compressor with and
without leakage .1s made .in figure 8. In general, the peak pressure
ratio was lower for the investigation with leakage than for the inves-
tigation without leakage  elthough the adisbatic temperature-rise effi-
ciency with leskage was slightly higher at the higher speeds. The
peak pressure ratio and the peak adlabatioc. efficiency did not occur
et the same weight fiow. The meximum weight flow through the com~- -
pressor at: 17,000 rpm was approximestely 5 percent- greater with leakage
permitted past the rotor rear air seal than with leakage eliminated.
Because the outlet guide vanes at least partly limited the air flow,

a greater measured alr flow would be delivered by the compressor when
alr was allowed to leak from the ccmpressor ahead of the gulde Vanes
to the atmosgphere.

Comparigon of performance at two 1nlet conditions. - The perform-
ance of the compressor is shown in figure 9 for the inlet-alr condi-
tions of -59° F and 6.5 inches of mercury sbsolute for the equivalent
speeds of 13,600, 15,300, and 17,000 rpm. These runs were made with
intergtage instruments installgd_and with no air leakage permitted
past the rotor rear air seal. The peak pressure ratio increased from
2.70 to 4.46 and the peak efficlency increased from 0.86 to 0.72 as
the speed 'increaged from 13,600 to 17,000 rpm.
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A comparison of the performance at two inlet conditions 1s pro-
vided by figure 10. The weight flow through the compressor dscreased
with reduced inlet-air temperature and pressure and references 1, 2,
and 3 indicate that—this effect 1g due to pressure rathsr than to
temperature. The decredss in welght flow varied from 6.0 percent at
13,600 rpm to a maximum value of 8.5 percenu at 15 , 300 rpm and then
decreased to 6.0 percent at 17,000 rpm. ,

At inlet conditions of -53° F and 8.5 inches of mercury absolute,
the peak pressure ratlo was slightly lower at 13,600 and 15,300 rpm
but consilderably higher at the deslgn speed of 17 Q00 rpm- than at
tnlet conditions of 58° F and 14 inches -of mercary absoclute. The
difference In preasuré ratios at the deéeslign apeed is explained by the
fact that the compressor was operated cloger to the terminal surge
point for the low-pressure testsy than for ths high-pressure teats.
The amplitude of présdure fluctuation at & given rate of pulsation
was less at 6.5 than at 14 inchea of mercury absolute.

Interastage maasurements. - Curves of iInterstage temperature and
pressure through the compresgsor at the point of peak efficiency for
the runs with no leekege permitted are shown in figures 1l and 12,
regpectively. The temperatures presented in figure 11l are the observed
temperatures in sach stage through the compressor. At the low speeds
the temperature varlation was irregular; the largest variation vccurred
in the fifth stage. The pressures ars presented as the ratio of the
pressure in any stage tc the. pregsure lIln the preceding stage
(fig. 12(a)), and also as the ratic of the vressure in any stage to
the compressor-inlet preseure. (fig. 12(b)).

The curves of pressure ratlo across any stage were very irregular
at the high gpeeds; the maximum presesure rise occurred acrogs stages 3,
8, and 9 (fig. 12(a)). At the deasign speed the pressure ratic from
the compresgsgor inlet to the first row of the outlet guide vanes was
4.2 but the pressurs drop acroes the two rows of guide vanes reduced
the over-all pressure ratio to 3.72. A comparable drop in totael pres-
sure across the outlet guide vanes-cccutrred at all spoeds.

SUMMARY OF RESULTS

The performancé data of the 19XB compregsor are summerized ag
followsg:

1. At the design speed of 17,000 rpm and with inlet conditions
of 59° F and 14 inches of mercury absolute, the peak officiency was
0.72, the peek pressure ratio was 3.72, and the maximum weight flow
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was 33.8 pounds per second for the runs with interstage instruments
installed and with leakage permltted past the rotor rear air geal.
A maximum efficiency of O. 75 was obtained at the. equivalent speed
of 15,300 rpm. ’

2. When the interstage instruments were removed, the weight
flow through the campressor was increased approxlmetely 2.2 percent
and the vpeak temperature-rise efflciency was increased 0.03 at the
design speed. Only a slight change in pressure ratio occurred.

3. At the design spee@ the elimination.of the air leakage past
the rotor rear alr seal decreaged the peak adlsbatic temperature-
rise efficiency C.04, decreaged the weight flow § percent and
increased the peak pressure ratio 0.25.

4. A chenge in inlet conditions from 55° F and 14 inches of
mercury abgolute to -59° F and 6.5 inches of mercury absolute
increaged the peak pressure ratio at design speed 0.74 and decreased
the welight flow approximetsely 6 percent.

5. The results of the surveys with the Interstage instruments
located in each stator row and the first row of outlet guide vanes
Indicated that some nonuniformity of blade loading existed and that
8 consglderable loss of tobtal pressure was occasioned by the outlet
gulde vanesg.
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TABLE I - DESTON DATA FOR 19XB AXIAL-FLOW COMPRESSOR BRLADES
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