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NATIOMAL ADVISORY COQITITE FOR RORAUTICS

ADVANCE COIFIDENTIAL REPORT

PFRFORMANCE OF NACA EIGHT-STACE AXIAL-FLOW COMPRESSCR DESIGNED
ON TEE BASIS (OF ATRFOIL TEECRY

By John T. Sinnette, Jr., Oscar W. Schey, and J. Austin King

SUMARY

The NACA has conducted an investigation to deteormine the. per-
formnnce that cen be cbtained Irom a multistage axial-flow compressor
bascd on alrfoil researci, A theory was developed; an eight-stage
axlal-ilow compressor was designsd, ccnstructed, end tosted.

The design basis for each stags was & gymmetrical veolocity
diacran and an axial component of veloclity constant with respect
to the radius. The rotor was sufficiently tapered to produce en
increase in axial velocity from the inlot to the ocutlet of the com-
prossor. Thae stator had a constant inside diameter of 14 inches.
A row of entrance guido venes reduced tho reolative velocity at the
entrance of the first row of rotor blades. Tho limiting conditions
used in tho design of the blades were & rolative velocity of 0.7 the
local velocity of sourd, a 1ift coefficlent of 0.7, and a solidity
of apnroximately l.2.

The performance of the comprassor was dotermined for spoeds
from 5000 to 14,000 rmm with varying air flow at oach speed. Most
of the tosts wero made with some cooling of tho inlet air, but a
f'ow were made with air at room tomorature. The performance was
dotorminad in accordance with the Committec's recormended prosodurs
for testing suporchurgera.

Tho NACA elght-ztage axial-flow coumreessor without lagging
gavo an adiabatic temperature-rise efficiency of 87 percent at a
prossurc ratio of 3.42 and an inlet volume flow of 12¢ cublic foeot
por second. Tho expected pexformance was obtained, showing that
a multistage compressor of high efficiloncy can bo dosigned by tho
application of airfoil theory.
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INTRODUCTION

Intorest in axial-flovw oomprescors has greatly inorocased since
1935 as a result of offorts to obtain compressors of high elficiency
for application to combustion-gas turbine units and alrcreft-engine
superchargers. In the combustione-gas turbine, vherc a laige exceess
quantity o air is compressed for cooling the produots of combustion
to a tompereture tllowable in the turbine, the efficiency of oom-
prossion is of utmost importance; in engine superciarging, tho need
for high officiency has steadily rison with the increaring demand
for high-altitudo porformanco and tho tremd toward higker manifold
presaurcs for inercascd power.

The cormbustion-gas turbine wnit, wvspoolally in its adaptation
to tho jot-propulsion engine, requires & compreseor of high flow
capacity. TFor aircraft application, thie over-all diametor of such
units should be kept to e minirmm bocause the dreg on an airplane
inoroasos with the frontal area roquired for tho powor plant, The
axial.flow comnressor, at progont, is unoxcelled in its capacity
to doliver maximum air flow for a given over-all diamoter; tho
ultimate possible mass low is obtainod whon thce inlet volocity
equals tho velocity of sound.

Based on tho originel proposal of Eurdin formulatud as oarly
28 1847, the fundamentel principles of multistage axiel-flow com-
pressors and turbines wore cloarly prosontod by Tournaire in 1853
in a papor submittod to tho Fronch Acadcmio dos Sclonces (rofore-
ence 1, pp. 14.20). Stolzo used en axisl-flow comprosgor in a
conbustion-~-gas turbine unit designed about 1872 and tested between
1900 and 1904, but wes wnavle to cbtain useful work from the turbine
because of the inefficiency of the compressor (reference 1, pp. 23
and 24, and reference 2). The Parson Company of England built about
30 axial-flow compressors between 1300 end 1390%, the largest of
whioh had a capacity of 50,000 cubic feet per minute, but finelly
adandoned this tyme of compressor because the efficlencies obtained
were not comparable with those of the oentrifugel compressor intro-
duced ocormerciully in 1508 (references 2 and 3),.

Reasarch on axial«flov compressors was discouraged by those
eaYly unsuccessful attempts to obtain acceptable effioclencies. With
the development of aixrfoil thecry and its oxtension to airfoll ocas-
oades, the succeassful application of aerodynomic principles to pro=-
pellers, wvindmills, fana, turbines, and pumps resultesd in renewod
effort to dovelop efficient axiel-flow compressors. By 19389, as a
results of oxtensive theoretical and experimental research (refors
ences 4 to 19), a number of designers had been eble to obiain
effioiencies of 75 to 85 porcent with axial-flow fans (roforences 4,
12, 15, 16, 17, and 20 to 24). Bocause these officicncios were
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appreciadbly higher than those obtained with centrifugal compressors,
the possibilities of multistege axial-flow compressors appeared
highly promising. An account of a multistage axial-flow compressor
with an efficiency comparable with that of the best centrifugal
commreseors was published in 1935 (reference 25) in the description
of & Volox steam generator. This compressor had an efficiency "of
the order of 73 percent." Extensive investigations relating to
.axial;ﬂaw compressors have been mede since that time (references 26
to 32),

The NACA racognized that high-efficiency compressors could be
designed by tlie application of asrodynamic principles. In 1938
Bestman N. Jacobs of the fAerodynamic Division and Fugene W. Wasielewski
of the Power Plante Division at LMAL began an investigation at langley
-Field, Va., for the purpose of determining the performance of an &xiale
flow compressor based on the current information gained from oxtansive

. vesearch on airfoils. A theory was developed and applied to the design
and construvotion of an eight-siege compressor and preliminary testis
were conducted. For the present report, the comprossor was tested
over a range of speeds from 5000 to 14,000 rpm, and a range of air
flowe from full throttle to surge for each speed oxcspt the highesat
speeds at which the flow was limited because of insulficient power.
Heat -transfe: tosts woro made with and without legging of the compros=-
sor, Most of the tests woroe made with some rofriguiation of the inlet

* alr, but a few wore mado at room tomporature. This invostigatlion was
conductod at the NACA Cleveland laboratory during 1941 and 1942,

The Genersl Electric Company gave valuable espiatancs in making
the tests, particularly in designing and construocting the jJowrnal and
thrust bearings that replaced tho original roller and ball bearings.

THE RACA AXIAL-FLOW COMPRESSCOR
Construction

The principal mechanical foatures of the NACA axial-flow come
Pressor aro shown in figures 1, 2, and 3. The compresscr sssentially
oonsists of a solid rotor enclosod in a casirg of throe sectiones:
the bdell-mouthed inlet, the oylindrical stator, and the scroll collec-
tor. Each ecotion of theo casing is divided along the median hori-
‘gomtal ylane to permit rumoval of the upper half ae & unit (figs. 1,
2, and 3). Tho maximum diameter of the comprcesor st the inlot is
approximately 20 inchos and the over-all leongth is approximately
42 inches. Compression of the air is acccomplishod by eight stages;

. each of the oight stages consists of a row of rotor blades followod
by a rovw of stator blades. A rw of cotrance guide yanes mounted in
tho stator procedes the first row of rotor blades.
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The entire casing and the supports of the compressor wers oast
from aluminum alloy., The front besaring housing and compressox sup-
port vers cast integral with the inlet section; the rear bearing
housing and support were cast integral with the collector section,
The streamlined front beering housing is supported by six strean-
1ined struis that are drilled for the oil supply and drain. The
stator was rachined to an inside diametsxr of 14 inches and ridbed
for stiffness (fig. 1). Holea were acourately machined in the
stator for mounting the entrarce guide vanes and the eight rows
of stator blades (fig. 3). The annular diffuser passage into the
scYoll collector, the collector proper, and the 8-inch tangential
discharge onening make up the collector section., The cross-
sectional area of the collector incroases until the maximm area
i1s reched at the discharge opening.

Ia order to obtuin maximum strength and high critical speeds,
the rotor and the bearing shafts were mechined as & soiid, integral
unit from a durelumin forging of high physical proporties. The
shape of the rotor end of the flow passagus turough the compressor
are shown in figures 1 and 2, The holes for mounting the rotor
Ylades were precisely machined to make the blado bases flush with
the rotor surface at tho dosign vlade setting.

The rotor was originally mounted on "ultraprecigion” ball and
roller bearings; the radial load was carried by two rollexr bearings
each on the front and on the rear; the thrust load was carried by
two ball bearings on the recar, The rear boarings repecatedly gavo
trouble 8t speeds of 11,000 rum or less from overheating caused,
in part, by heat transforresd from tho discaarge air to tho boaring
housing, After soveral unsuccossiul attempts to cool the bearinga
and aftor two bearing failuros, the ontire bearing installation
wag roplaced by spocial Journal and fixcd-vedge thrust bearings,
sinmilar to stoam-turbine bearings, dosignod and constructod by the
Geneorel Electric Company, Tho Journal bearings weros solf-alining
and had a system of oircurferontial and axial grooves and an oil
dam on the bearing surfaco to control the oil film and provent
shaft vhirling (roferonce 33). Tho thrust bearing was mounted on
tho rear ond of tho comprossor. Eardonod~ and ground-steol sleoves
ware yressed on thoe duralumin shafts to provide a good bearing
surface. This boaring installation proved vory aatisfactory oven
at thoe maximum spoed of 14,000 rpm used in theso tosts.

Foxr both boaring installations, tho front and tho rear bearings
weres lubricated through separate systems; suotion on the oll drains
was usod to provont oil from being drewn into the air atroem. When
the ball and rollexr bearings woro usod, a drip systom was providod
to supply suffiociont oil for mist lubrication. For the Journal- and
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Theory of Operation

The purpose of tho entranse guide vanes is to reduoce the veloc-
ity relative to the first row of rotor bledes and to epproach
symuatry of velocity diesgrams in the rotor and the stator blades.
This purpose is accomplished by immerting prerotation to the air
entering the first rotor row; this prerotation, incidentally, ceuses
& drop in static pressure due tc the increase in veolocity. The
first rotor row imparts additional rotation to the air; work is done
on the air and the tctal vresoure is increased. The static pres-
sure i3 alao increased bocause the velocity relative to the rotor
ic decreased, The following stetor row reduces the whirl velooity
vhich results in a further increamss in static pressure. Throughout
the compressor, the process 1s repeated: the rotor row increasing
the absclute whirl veloclty and the stator row decreasing it.

This process is essentially the same in the rotor and the
gtator blades; sach row of blades acts as e row of diifusers
decroasing the velocity relative to that row of dlades and thereby
increasing the pressure. Boceuse of this simlilarity of funotion
of the rotor and the stator blados, the condition for optimum per-
formance should be essentirlly the samo for each; that 1s, for
optimm stage performance, the volocity dlsgrams for the rotor row
and the stator row should be equivalent. This equivalonce is
attained by the use of a symmetrical velocity diagrum for a givon
atage in which tho velocity diagram for the rotor row is the mirroxr
imege of that for the stator row, end the mean whirl velocity is
equal to bhalf the rotor-blade velocity.

Becauso of the effects of centrifugal and Coriclis forces,
true equivalonce in the rotor and stator blados 1s impossiblo. In
the rotor blados, tho prossure rise across tho bledvs must be
greator at tho casing that at the hub in ordsr to balance the
greator ocentrifugal force caused by tho incroaso in whirl velooity
following the rotor row; whereas, in the stator row, the reverse
is true. The doviation From equivalconou of the rotor and tho
stator blados inoroases as the ratic of hub to casing diamoter
dacreases. In the dosign of tho NACA axial-flow compressor, only
the prossuro balance across a comrlote stage was considored (oxoopt
for the initial gulde vanos apd Tirst rotor row) and not acroes
individual rows of bledes. Some doviations from the dosign flow
must therofore bo oxnectod.

The entrance guide vanes and the firs: rov of rotor blades
wereo designod to produce & whirl-volocity distribution approximately
correspording to e symmotrical velocity diagram at cach redius,

Tho following rows of blades and the passage shano wera designed
on tho basis of a symmatrizal velocity diagrem at each radius and
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an axial componant of velocity that is congtant with respect to
the radius dut increases along the axis from the inlet to the out-
lot end of the oompressor. The increaee in the axial oomponent

of wvelooity, used to obtain maximum pressure ratioc per stage within
the Mach nmber limitations imposed at the dleds tiyps, 1s odbtained
Y7 tapering the rotor. The design theory, based on an umpublisiied
repoitt by Evwgene W. Wasislewslcl, 1s developed in the appendix,

APPARATUS AND TEST PROCEDURE
Tasts

The recomrsnded stenderd procedure for tssting superchargers
was used as far as nprecticabdle (references 35 and 56), The setup
of the test equivment 1s shown in figure 4, Because of necessary
changes made in the setup durirg the tests, ths results reported
are Zor two sets of conditioms which, for convenience, have been
designated original and final tests and are givem for easy refer-
ence in table III,

Original tasts, - The compressor was driven by & 300 -horgepower
dynanomoter interconnected with a cradled gearbox in order that the
torque output might be read from a single ncale. An adjustable
counterbalance weight was rounted on the gearbox to obtain a center
of gravity for the gearbox that would coinolde with compressor axis.
The inlet air pessed from an orifice tank through & valve into a
deprossion tank approximetsly 4 feet in dicmeter and 6 feet 1n
longth. Tais depression tank had a felt filter and honeycomb
straightening vanes to insure & emooth air flow free from forsign
particles. Because of the large cross-section area of the tank,
the velocity pressure wes negligidble. The diacharge air from the
compressor pagsed through a lagged discharge duct 8 inches in diameter
and 10 diameters in length, The uss of a depression tank at tho
compressor inlet instead of a straight duct 15 diameters in length,
and e disoharge duct of 10 diametera in longth inetead of 15 are
the only changes from standerd tost nroceduro, Tho effect of thome
changos on the results 1s boliovod to bho nogligidle, Tests made
with this setup covercd a rangc of rotor speeds from 5000 to 9000 rmm
and a range of air flows from wide-open throtile to near surge.
Bocause tho comprossor hed a violent surgse, no deta woro token in
the surgo range,

At 9000 rpm, tho discharge temperaturos wera bocoming too high
for the aluminum blades and the damaged bdearings had to be roplaced.
In oxrder to reduce the temperature throughout tho oompressor, tho
inlet air was cooled by expanding it through the turbino of a
turbosupercherger; the suporcharger scrved as a brako to rogulate
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the spesd of the turbine. Because the flow range of the turbine
wes limited, an inlet valve was ussd to obtain low air flows and

a bypass valve wes used to obtain high flows, The depression tank
was lagged to reduce heat transfer to the cooled inlet air. Tests
made with this setup covered o range of rotor speeds from S000 to
11,000 rpm; at 11,000 rpm the ball and roller bearinge falled.

Final tests. - Tho ball and roller bearinge were replaced by
the special Journal and thrust bearings, a larger turbosupercharger
was instalied, four thermocouples were placed symmetrically around
the compressor inlet te check the tenk thermocouples, the blados
were resot by measuring the anglee at the tip, and anothor
300-horsspover dynamomster wes added to obtaln more power. Per-
formance tests wore made ovel a range of speods from 8000 to
14,000 rpm with the compressor and the ecroll unlagged. Special
- speed-parsmeter tesits were alsc made at 11,000 rpm with the com-
pressor unlagged. In order to check adiabatic temperature-rise
effiolency sgainst adiabatio shaft officionclies, the compressor
and the scroll were lagsed with felt 1 inch thick., Thermocouples
and cil-weighing equipment wero installed to meazure the heat
carried off by the oil. Special sposd-parametor and hoat-transfer
tests wore being mado whon the compressor bladoos falled at
21,000 rpm.

Instyumentation

looations of tho various measuring stations are shown in fige
ure 5. The ailr temporaturo at tho orifico~tank inlet wms measured
with mercury-in-glass thermomoters; all other temporatures wore
measured with thermocouples. The air and cll temporaturos wore
moasured with copper-constentan thormocouplss. Tzao four thermoocouples
at tho compressor inlot were symmotrically placod around the com-
prosacy axis; the twe thermocouples after tho last row of stator
blades and the two tiiormocouples in the discharge duct worc arrarged
diamotrically opposite. Tho cold Junctions of all theormocouplos
wore placod in an 1zo bath to inevre a constant temperaturo ot the
cold Junction oqual to that at which the thormoocuplous werv calibratod.
The differencoe in potontial betwoon tho hot .and the cold Junction
was measured with a calibrated ypotontiometor.

Al) static and total pressuros, exoopt tho proesuro drop across
the thin-plato orifics, werc moasurod with mercury manomoters. Only
static prossuros vore moasured in tho doprossion tank becauso the
velocity prossure was negligiblc. Static pressuros woro takon at the
mm inlot, aftor the eatrencec guido vanos, and aftor each row
[ e8.
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blede chord, foot

1ift coefficicnt

drag por wnit blado length, pounds 3
rotor-blade tip diamctor, foot

rosultant force on blades per unit blade longth, poundo
por foot

ratio of absoluto to gravitational units of mass (32.174)

incroase in total onthalpy (heat content) per unit mass,
foot-pounds pox pound

ioentropic increaso in total onthalpy per unit mass for
given total-presowro ratio, foct-pounds por pound

1ift per unit bdlado longth, powmds per foot
local Mach number, V/a

comprosecr Mach number, Ug/og

rotor speocd, rovolutions por ocecond

rotor spcod, rovolutions por mlnuto
absoluto prossura, pounds per oguaro foot

power por unit bledo length, foot-pounds per socord por
foot

prossuro coofficient, GHad/Utz

volume rato of flow, cubic foot por second
loed coefficient

quantity coofficicnt

radius to blado clcment, foot

hlade specing, 2ar/B, foot

temperaturo, °F absoluto




ratio of blade-slement velocity to axial component of

r velceclty, Va

city of rotor blad ment at radlus r, feet per

axinl corpol

ratlo of change in whirl component to the axia

alr velocity
sity roletiv rotor, ‘foat per s
anrgle botweon comprossor exis and abaslute air
ediabatic exponent

circulation arcund tlade, square feet per s

loss retio, Pp /Pp
-

blade-profile elficlency for chage
adiabatic temperaturo-rlse officiency
adiabatic shalt officlency

»ratio of actual inlet stagration temporature to standaxd
sea-level temperature, TlT/.’ln.G

mass density of air, slugs por cubio foot
blade-slement solidity, cB/ear
angle between comproessor axis and air velocity rolative
to rotor
SUBSCRIPTS

conditicns at compressor inlet (la, 1b, lc in depression
tank; 14, 1le, 1f, 1g, Just shead of entrance guldo venes)

conditions jJust aftor lest yow of atator blades
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depeniis upon the inlet-aiyr temperature; that is, the design speed
18 18,000 rm at -67° ¥, and 15,400 rpm at 59° F. Because of the
large efficiency variation with epeed, the choice of a paramster to
represent the speed is empecially important. Dimensionzl enalysis
shows that compressor performance doses not devend upon rotor speed
alone but is a function of dimensiorless variables, euch as the
compressor Mach muiber Uyfay, where Uy 38 the rotor blade-tip
velooity and ay le the velocity of scund at the inlet to the com-
Pressor,

In figure 7 the pealk adiabdatic temperature-rise efficlenoy is
plotted as a function of the compressor Mach number. Because of
the slight differences in blode settings, separate curves are drawm
through the points obteined in the original and the final tests,
The pointe in the final teete it the straight 1ine quite well, but
those of the original tests show an appreciable scatter from the
linear relation. The final high-speed teete have slightly higher
effioiency than the original low-speed tests in the overlapping
range (fig.-6); thie difference appeare to inoreasc with speed and
way emount to 4 points at maximum test apeed. (See fig. 7.) The
linear relation cannot, of course, hold at high values of Uy/ay
owing to compreselon shock lossee enoounterod when tho relative alr
velocity at any point oxseeds the local velocity of eound, Because
the local Mach numbor is o function of the compreesor Mach rnumber
and the load coefficient Q/n, the-peair efficicnoy must reach a
paximm at & value of Up/a;, probably greator then values herein
reported. A levoling-off of the officieancy curve at tho higheast
volumoe flow is indicatod in figuro 7 bui, because of the limited
number of test pointe at 14,000 rpm, dofinite conclusions are unware
rantod,

The incroase in efficionoy with speod was oxpectod becauso the
flow distribution approaches tho dosign distribution as the spoed
inoreases. At low rotor specds when the axial componont of velocity
is correct at tho middle of the comprossor, tho veloclity will be
t00 low at tho inlot with resultant high anglos of attack accompaniod
by largo losses apnd will be too high a% the outlet with resultant
smll angloe of attack and too 1ittle work from thc last rotor blades,
Iossos in tho scroll will also be high bacause of tho high outlet
volocity. RBfficiencics at low epeode cculd have beon improved by
using difforent blado sottings for each speod, but such investigae
tions would have roquirod considerable time. Bocause tho tosts were
planned for performenco at dosign conditions, the blade eectiings
woro not altersd to give meximum porformance at difforent speeds dut
wore sot {or the doeign spoed throughout tho tosts,
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Comprosscr officiencios based on total-pressure messurements
at exit of laat stater row. - In order te investlgate comprossor
eificiencies witheut including losses in the scroll cellecter, pro=-
vision was mnde {or taking tetal-pressure surveys behind the last
row of stator blades. Beceuso ef the urgoncy fer data en ever-all
performance, these survsys weie to be made alter the regular per-
fermrnce tests had been completed; owing to blade failure, these
surveys were never carried out. In the course of tuking other data,
however, reoadings were taken en twe tetal-pressure tubos adjusted
in the center of tho stream to givs maximm-pressure resdings. The
adiabatic efficiencios based on the average ef theso twe readings
aro shown in figure 8; tho ever-all efficiencies ef the compresser-
scroll combination are shown if'er comparison., Compresser efficien-
cles based en theose two total-pressure readings will be somevwhat
higher than officiencies besed on pasaage survoys; the difference

11 vary with Q;, owing te variatien in velecity pressuro and
voioccity distributien. Tho results must therefore he considercd
approximate.

Tho greatly inorcased sproad betwecn the over-all efficilency
ef the compressor-scroll combination and the efficioncy of the
compresser preper at the highor values ef Q; 1is caused by the
large increase in kinetic cnorgy of tho ailr entoring tho scroll.
Bocause the statie preassuro ratio across the cemprossor proper
(static yrossure at 8s divided by tank pressuro) dreps considerably
with & smll increase in @ (sco fig. 9), tho outlet volocity

must increase much more repldly than @, which results in a large
increaso in scroll lesses for a omall increase in Q. Tho eutlet
velocity may approach the velocity ef sound at the highor com-
presoer spoeds with wide-open throttle. The lecal Mach number at
the compressor eutlet can be calculated ficm the fermula

/'z-_l

M

The total and the static presauro can bo ebtained from tho curvos
of figurc 9 at lecation Ba.

The sudden drop in ofiicioncy at wido-opon throttlo with a
Q1 of 114.6 cubic feet por second and at a roter spoed ef 12,000 xpm
can be explainzd by commrossion sheck lesscs evor the last stator
blades; tho Mach number fellowing theso blades was 0,938, The suddon
drop in efficloncy with increase in Q; 414 not eccur et etlier
speeds bocauso tho exit velecitics were well bolew senlc valucs. At
lower coupressor speods, losses wore sufficiont cven at wido-opon
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throttle to keep veloocities well below monic values; because of
povwer limitations, tests at higher spesds were not run at wido-open
throttle where sonio velocities would be encountered.

Preasure distribution through the commressor. - The prossure
distribution through the compressor is shown in figure 9, In addi-
tion to tho statio pressures, total pressures taken at the exit of
the last stator blades (location S8e) amd in the discharge duct are
shown,

The pressure rise toward the outlet end of the compressor 1s
markedly aonsitive to changos in Q;, actually becoming negative
for large values of Q). The much larger change in pressure rise
at the diacharge than at the inlet is caused by compressibility
effects. A small increase in Q; produces a emall inoreasee in the
axiel componont of veloolty at the inlet and a decrease in the
angle of attack. The smaller angls of attack results ln a smaller
density ratio and, because of continuity, produces a eomewhat
greator increace in the axlal oommonent of velocity behind the yow
of bledes than shead of the row. The effect may be quite smell in
the first few rows of bledes and aotually masked by other effects,
such as a change in voloclty distribution in the radilal dircotien,
but the cunulative effect over a mmber of astéges may become so
large that in the last stage negatlive angles of attack result on
both rotor and stator blades. The last stage then aots as a tur-

bine rocovering part of the energy put in by the preceding stages.

Correlation of Varying Inlot-Alr-Temperature Data
by Use of Differont Speod Parameters

The large variation of adiabatic efficioncy with comproessor
speed, the wide rango of inlet-air tomporatures used, and cortain
peculiarities of the porformenco curves when rotor speed was uced
as a parametor (notu shape of curve for 12,000 rpm at high volumo
flow, figs. 6 and 8) medc the mvestigation of tho effect of inlet-
alr temperature with different smeed paramctore imperative,

Constant rotor speed, - Tests wore run at a constant rotor

speed of 11,000 rpm a.ng at two sets of inlot-alr tcmperatures to
i.nvestigato the offoot of inlet-air tamperaturo on tho shape of per~
formanco curves, Starting with tho turbine-inlet and the bypass
throttles wido open, the maximum amount of coeling for theo dceired
range of flows wes cbtalned by first cloeing tho bypass throttle
and thon olosing the turbine-inlet throttlo until the surge point
was roached., Tho tusts wore ropeated to obtain tho maximum tome
porature by first closing the turbine-inlet throttle and then the
bypass throttle.

. [
* "-"‘!;"*c.v'vn-wﬁi-'e,ﬁ-._-«'ﬂ-um"#ﬁ'
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Tho rosults of these teste are ehown in figure 10, The marked
differcnce between the two sets of curves indicates that the com-
presscr perlermance based on rotor speed as a parameter depends to
an anpreciable extent on tho inlot-air temperature. Although the
tomperature could be considered an additicnal variable, in repre-
senting results the mumber of indopendent varlables should be kept
as snell as possible. Dimensionnl analysis is ef value in doter-
mining the minimum nuber of independent variables once the essen-
tial facters of the problew are imown., (For a discussicn of the
nethod of dimensionzl analysis as applied to air compressors seo
references 36 and 37.)

Constant rat! f tip speed to velecity ef sound. - If the
offect of viscoeity, heat transfor, delcrxuntlen of compresser, and
veriation of specifie heat are neglected, dimonaional analysis shows
that the perfermance of any set of geomctrically simllar compressers
should depend on two dimensionless varicbles, which may be taken as
Ql/r.Dts and Uy/e, vhero Dy ip the diametor of the compresser,
and a 1s either the velocity of sound at the inlet &) or at the
dischargo @az. When only one compressor is cenoldered, Dy may bdo
omittod becauss it romnins constant. Tho quantity coeffloicnt

C_l/nDts is thus replecod by the load coeflicient Q/n.

In ordor to dotormine wheothor twe inderendent variables are
sulfiolent fer represcnting tlhe performance of tho axial-flow com-
precsor, the tests with twe sets of inlet-air temperatures were
repcated, firet with Ug/ay and later with Up/ez hold constant.,
The rosults aro shewn in figure 11. Check runs were mado for both
high and lew temporetures with Up/aj) constant; these runa explain
tho two sets ¢f high- and low-temperature curves in figurc 11l(a).
The quantitios pletted in figure 11 diffor frem thoso in figure 10
te cenforu te dimensienal congiderations; the actual pressure ratio
rcplaces the prossure ratie corrected te 60° F, and the dimonsien-
less prossure cecfficiont

o
4" v

replaces tho dimensienal quantity Eag.

The offect of inlot-elr termerature on comprossor norformence
wes mich less than vhen the rotor specd was held constant. A
slight difference in porformsnco, Lowever, still uxisted for the
two sets of inlot-air temperntures cven when the compresser Mach
nunber was hold constant, indicating that fectors ether than theso
considered in tho simplified analysis had an offoect on tho perlormance.
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The Rejmolds number effect afferds tho mosh reasenable explenation
of tho difference; the higher Reynolde mmber givee the higher
ficiency, which ie in accerd with test results en airfoils. The
change of 2 peints in the coupressor efficlency for enly & 25-percent
change in Reymolds number may be attributed to a critical Reynolds
nurber effect found to cccur en airfeils at aprroximately the Reynolds
number enceuntered in the compressor tests. (See reference z8.)
Other pessidle oxplanaticns were considered but wore tfeund to be
iradequate te account for the reeulte. Direct heet-transfer effects
sheuid produce & change in the epposite directien. Water cendensa-
tion wae eliminated as an explanstion becauee all the tests were run
et temperatures above the dew point ot the inlet to the compressor.

Repletting of all Comnresser Tests on the Basis of Mach Number

Bocause the compreesor Mach number wes shown to offer a more
accurate baels for perfcrmance representetiern than compreesor speod,
211 the test resulte were raplotted en the basis of Mach nmmber
(f1g. 12). Iustead of using tho load coofficlcnt us absclesa and the
commreaser Mach number ee e parameter (fig. 11), o mothed of repro-
sentution proposed by Lt. Coudr. William Bollay in an unpublished
report from the Bureen of Acrcnautics, Navy Department, liasm been
ugad. Tho total-pressure ratie is pletted as ordinate and Ql/ﬁ
ag abpcissa with U /ﬁ ae & perumeter, where 06 1p the tempera-

ture ratio TlT/Sla.G. Aa tho over-all perfermence tests en the
comprossor wore not run with U, ,’J?)_ ap a peraroter, it was noces-
pary to interpolate from test pointe to obtain both tie U /ﬁ
ard the 7nup contours.

The purpose of this methed ef represcntaticn is to glve the
porformrnce dirsctly in terms of the blade tip specd &nd tho inlot
Velumo flow at a stendard inlet-air temperaturo ef 53° F; the
method et the same timo pormite ready calculation of the corre-
sponding tip epecd ond inlet voiume flow at eny cther inlct-elr
tempernture by multiplying the pexamoter Uy/s/6 or the absclsea
Q /W6, rospectively, by tho valuo of /& for tho desired tompers-
ture. Tho torm U /.JE' ie, of ceursc, directly prepertiennl te the
compressor Mach number. For referenco, the values cf the comprossor
Much number cerreepending te tho values of Uy / J3 ehown in fig-
ure 12 arec giver in the following teble.
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Uy VT | Uy fay I'Ut/‘\/F Uy, fay

300 }0.268%) 600 |C,5377
350 «3136)} 650 »5925
400 «5585|] 700 .6273
450 4035)| 750 .6721
500 4481 800 .7169
S50 4929} 950 . 7617

Althoush thic representation includes the Mach number effect
on pexformence, 1t does not include effects due to Reynolds mumber,
heat tranefer, etc., and thersfore should not be expected to apply
accurately to tomt corditions diifering widely from those used in
the performance tests.

Heat Transfer and Shaft Efficlencies

Although adiabatic effioicncles based on temperature-rise ratio
are commonly used for rating superchargers, these efficiencies should,
vhen possible, be checked agaiust edisdatic sliaft efflciencies based
on measuremento of power input and bearing losmes. Adisbatic ghaft
efficiencies based on a slaft nowor defined as powor input to com-
pressor minus power loss in bearinges should agres with the adlebatic
efficiencies based on temperature-rise ratlo, provided that tle net
heat loss from the compressor air is negligitle.

go_mgarieon of adiatatic temperature-rise, corrected shaft, and
WeorTec officiencies. = Only & fow runs 1ad boen made to
comparc the adiabatic temperature-rise and tho shaft efficloncies
corrected ard uncorrected for bearing loes and to oliminate the
sowrces of discrepancy whon the test program wes terminated by blade
failure. Figure 13 presents results cbtained at a compressor Mach
nunber of 0.6. The differonco betwoon tho adizbatio temperature-
rise efficioncy und tho corrected adiebatic shaft effioiency ranges
from 1.3 to 4.2 pointo.

Figure 14 shows the variation of those efficiencles with time
for constant rotor specd end air flow. Tho cwrves shown wore based
on the tomperature moasured by the four thormocounles at tho conm-
pressor inlet and thrge thermocouples in tho denression tank. The
thermooouplos at both locetions wore rocalibratcd aftcr the comprossor-
blade failure and wore found to be accurato. The difforunsc botwoon
tho curves based on tho two seta of inlet-air tummcraturos was pore
hape caused by failure to obtain a truoc flow-avorage tomporature at
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4, The adisbatioc ghatt efficlency coyrected for heat losses
to the lubricating oil and messured on the 1agged compressor at &
SUUpTeR0Y Maoh mumber of 0.6 was fyom 1 to 4 points Jover than the
adiabatic temperature-rise efficiency. Poesible sources of error
exieted in both efficlency measurements.

Se Speed-paranater tests made over a range of inlet-air tem-
peratures ghowed that the use of Mach number as 8
paramsteor gave mch better agreement of yesults at daifferent tem-
peratures than the conventional use of rotor speed as & payameter.

CONCLUSION

Axial-flovw compressors of high efficlency can be designed by
the proper application of airfoil theory.

Alyeraft Engine Research Leboratory,
Netional Advisory Comnittee for Aeronautics,
Cleveland, Ohioc.
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APPENDIX

DESIGN THEORY

Eff{ciency of Radial Element of

Single Stege of Compressor

A single stage of an axial-flow compressor consists of a row
of rotating blades that adds whirl to the air and a row of stationaxy
blades that removes whirl, Figurs 15(a) shows the doveloped view
of & cylindrical pection of such a stage. The blade chord is c¢;
the number of blades, B; and the radius &t the element, r,

For convenience in the discussion of theory, the axial come
ponent of velocity V, is assumed unchenged thioughout a stege.
The gradual increase in the axial comnonent of velocity from the
inlet to the outlet of tho compressor should not materially affect
the theory.

Figure 15(b) shcws the welooity diagrem for the stege of
figure 15(a); V4 and V, are the absolute alr volocities at th
inlet apd the exit of the rotor bledes; and Wy and Wy, the
oorrespoending air velocities relative to the rotating blades. The
symbol V, also represents the inlet velocity to the stator blades
following the rotor blades. As the same cmount of whirl edded by
the rotor blades is asaumed to bo removed in tho stator blades,

Vi also represents tho velocity leavirg the stator tlulcs, Certain
volocity ratios used in the theory are dc:iined as follows: u is
the blade-slemsnt volooity divided by the sxial component of air
velooity; w, the whirl oomponent of air velocivy divided by the
axial ccmponent; and Aw, the increase ir whirl ~omponent of air
volocity through the rotor blades divided by the axial component,

In oxder to apply airfoil theory, the velooity to be sube
stutited in the 1i1ft and the drag equations must be determined if
data from tests of an icolated airfoil arc to be used, It can de
shown (roference 16, p. 5) that for tho rotor blados

4L = p Wy ar
where
4L  1ift on bdlade slement Ar
-] mass density

r circulation around blade
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This formila is identical with the one given by the Xutta-Joukowski
theorem for an isclated airfoil with the mean relativs velocity Wy
(fig. 15(b)) substituted for the free-streem volocity. Tho some
farrula arplies to the stator blades If Wy s replaced by Vn.
Thus, the lift and the drag in an aixfoil cascede are perpendicular
end paxallel, respectively, to the mesn rolative velocity through
the cascade.

Tho aerodynamic forces, per wnit blade length, &acting on a
rotating blade element are shown in figure 16, in which L is the
1ift; D, the drag; f, the resultant force; end fp, the com-
ponent in the direction of blade rotation. Tho angle fy is
between the mean velocity W, and the axis of the compressor.

The powor input to the air per unit of blade length for each
blade is

Py = £pU

“fonuVy (1)

fer = (sta)(vnd")
- pSVazAw

whoro S 1is the blade spacing 2sr

B

Therofore,
Py = pSV,> uaw (3)

The power loes in the rotor per unit of blade longth for each blade
is

PLR =Dp ¥Wp

D)
i (I—"R Iz ¥

Ig = (fm—DRBin%)aﬁ;
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s
“6R

cos f, [l i (%;‘? tan ¢m]

LRr

/D)
\I/p ¥n fTer

cos f ’-l + (TD.'}R tan ¢m:!

33

In a ginllax marnor, the power losg in the stator i1s

{E\ v fgs
P1g = L e . ()
cos P [l + (22‘\)3 tan BIJ

whore Bn 1s the angls betwsen ths axis of ths corpressor and ths
mean absoluto velocity Vne The valus of D/L, 1g of ths order of
0.05 and, if tan fn (or py) 1s 1.2, ths error dus to neglscting

the term %tan ¢m in losa then 6 Percent of the lossss. Because

The total power loss i therefore

/D Wy !D} n
=f Fl —— ] =
Ly = fem '\L)R cos fiy % \L5 oon B
Although DAL will, in general, vary somewhat with #, or
Pm, this variation will dopend upon many factore such as solidity,
blads cectlion, 1if4 coefficlent, etc. Inasmuch as no general
relation is known for this varietion, D/L has been mssumed constant
in the following anelysis, Also, because the stator blades reduce
the vhirl of the air by tho same amount that the rotor blades
increans 1t » Tgr equala fgg. FEquation (9) thersfors beccmes

D Wi Vin )
Pim=>=7r +
Iz =1% (cos fa = cos By,
From ths velocity dimgram
cos Py = L

T

(10)




HACA ACR No. E4E18

and

cos fp = z =

\2
'\/(w1+1:l,u +1
Wp=Vy ﬁ+(u-w1 _éL_’)

‘\w:'
e Ta A+ (i « )

T S S

The loss ratio is obtained by dividing equation (11) by equetion (1)

Aw)z + (w1 + Az_w)‘i] (12)

The stage efficiency n 1s equal to 1 - {. By differentiating
equation (12) and setting the derivatives equal to zero,

2
Al 2 2wy AP 28w Wy :
aa‘f(’u—z”' =gk s ol (18)
3

4

Fi=(4“1'2“+2‘“')§117"° (14)

From these equations is obtained

=Wy + 9-2"5 (15)

and
ue=2 (16)

The condition u/z =Wy + Aw/z shows that minimm losses ere
obtained with a symmetrical velocity diagram, the absolute minimum
being reache¢ when u = 2, For high sclidities tho value of u for
minimum losses may be somewhat lower owing to the increase in D/L
with u, (See reference 18.) For a symetrical velocity diagram
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N\
t= % (% + }’7 ) a7)
Figuro 17 shows ;/g— plotted against u; good efficicncios are

cbviously attainabls with a syrmotrical disgram ovor & wide renge
f values ef u. Whon u = 2,

(18)

Whon D/L = 0.05 and u = 2, the angles ¢m and Py ere
45° anmd

‘+gaan¢m=l+g+anﬁm

= 1.05

Thus, tho arrer in loss ratio incvrred in noglecting D/L ten §f 1s

2 ¥ 0.05
0.l = e A 0.0048 or 4.5 perceat of the wncorrected loos

ratio; hence, for this caso, the orror in officioncy is only about
0.5 porcont.

Inasmich as all the usoful cnergy put inte the air goos inte a
rine in pressurc, tho uscful powor is, for emall prossure changos,

Py = npvz,,3 niw
= Vabp (19)

AD = 'qpvaz vAW 20)

is the prossuro rise in & singlo stago.

The Deeign of a Sirglo Stago of the Compressor

In the dosign of & single stago, tho axiel velocity is assumed
constant with respoet to the radius. The 1ift per unit longth of
rotor blade is

L)

cos %(1 £ ?‘-tan ¢m)

L=

()

If tho torm I’%tnn #n 1is nogloctod,
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f % Agy \O
9¢ .-le_wv,;‘ N/(u-wi-;l +1

m

"Lx%""'k. X C s ";r{-xh}"xox
vhere 0 lidity = —“::r

'..'mzvh,\/a/u-w: -LT") + 1

PSR B TRt a ;
|

- " \
pV'rwA/(x-wi-,—") +1r’L0§-k:-m-".—w, +"|
.

As

or
24w

C;, 0= e ———
/\/{u -y - ﬁ) + 1
\ &

For the stator row

bw

('L o= ——— = ——

-"/("’i + A-l) +1

For a cymmetrical diagram theso expreasions are identical. For
blado rowes where the cord a%t the tip 1s equal to or leass than the
chord at the hub, the maximum value of ¢ will be et the hub.

For the same amount of work to be dons per pound of air at
the hub as at the tip, it is necessary that

uhAvh = Ugdwy (24)

or, because
Ut Ty,

L el i

Ty
Aﬂt = 1‘—1-, LVh (26)

Egquation (22) gives conservativo values of Cr, o that are
slightly higher than the actual values. For a symmetrical diagrar,
equation (22) becomes
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ZAw

———————
"
1/4 *

Inastuch as ugy is always largor than Uy and, from ecqua-
tion (26), Awy 1e always larger than Aw., oquation (27) shows
that, for a symmotricel voloclty diagram, the maximum valuo of
31, 0 will occur at tho hub. According to Kolier (roference 16,

p. 48), stalling can bo avoidod by keeping tho solidity (chord/pitch
ratio) bolow 1.1 end the lift coefficicnt bolow 1.0, A consorvativ
11ft coefficiont of 0,7 at tho Lkub was used in tho dcsign of the
NACA sxial-flow comprscsor. Tests on high-spood airfolls indicato
that good efficloncies should bo obtainod at this 1ift coefficient
(roforcnco 34), Bocause of tha lower 11Tt coofficient uged in th
dosign, sllghtly highor sollditios than thoso rocormended by Kollor
woro pormitted; soliditius at tho hub reanged from 1.1 to 1.2,

Cr @ =

L

Refsronce 34 also illustrates that a practical limit to ths
speod at which airfolls give good efficlency is 0.7a, where & 1is
the velocity of sound. From the velocity disgrem,

Wi? = Vaz l_l + (u - wi):‘]

(“i‘q AESS v’*)z & o i (29)
=1 = 0,49 = | = Il + (u = w '] 28
“1/' .70 i

Equation (28) io a conservative limitaticn on the maximum allowablo
axial velocity in & wheel. A similer exprsssion can be written for
tho stator blados. From inspection of equations (26) and (28), it

18 evident that this limitation will be imposed at the tip section

for tho symmotrical cass,

NACA Axial-Flow Compressor

A gingle stage of tho NACA exial-flow compressor was designed
by applying the linmitation on O, and O at the hub and ths
velocity-of -sound limitation at the tip. A value of u near the
middle of the compreesor was initially chosen so as to mako tho
blado elemonts throughout the compressor operate in ths high-efficiency
range shown in figure 17. Application of the oquation of continuity,
togother with the hud and ths tip conditions for each stago, per-
nitted the completion of the dssign for all stages.
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In order to glvs tho alr the amount of rotation specified by
ths dosign oonditions, the row of entrance guide vanes is quite
different in form from the othor statlionary rows. For the sume
reason the first rotating blades were given considsrably greater
twist than the suoceeding rotating blades,
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Figure 1.~ Effect of inlet-cir temperoture on performance chorocteristics ot constont

rotio of tip speed to inlet ond discharge velocity of sound. Compressor uniogged.
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