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HACA ACB No. E4HL9 

NATIOEAL ADVISORY GOMSXIB TOR ÄEB0HAUTIC5 

ADVANCE CQISFIDEHIIAL HEPORT 

PERFOHMANCS OF NACA EIGBT-STACE AXIAL-FLOW COMPRESSOR EESIGKED 

ON THE BASIS OF AIRFOIL TH30KY 

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

SUMMARY 

The ITACA has conducted an Investigation to determine the. per- 
formance that can be rbtained i'ron a multistage axial-flov compressor 
based on airfoil research.. A theory waj developed; an eight-stage 
axial-flow compressor was designad, constructed, and tested. 

The design basis for each stage was a eymoetrical velocity 
dlacraxi and an axial component of velocity constant with respect 
to the radius. The rotor was sufficiently tapered to produce an 
increase in axial velocity from the inlet to the outlet of the com- 
pressor. The stator had a constant inside diameter of 14 Inches. 
A row of entrance guide vanes reduced the relative velocity at the 
entrance of the first row of rotor blades. The limiting conditions 
used in the design of the blades were a relative velocity of 0.7 the 
local velocity of sound, a lift coefficient of 0.7, and a solidity 
of approximately 1.2. 

The performance of the compressor was determined for speeds 
fron 5000 to 14,000 rpn with varying air flow at each speed. Host 
of the tests were made with some cooling of the inlet air, but a 
few wore made with air at room temperature. The performance was 
dotoraln9d in accordance with the Consul ttee's recommend ad procedure 
for testing suporchargors. 

The HACA eight-atago axial-flow coaprescor without lagging 
gave an adiabatic tcmpcrature-rise officioncy of 87 percent at a 
pressure ratio of 3.42 and an inlet volume flow of 133 cubic feet 
por sucond. The axpoctud performance was obtained, allowing that 
a multistage compressor of hi£h efficiency can bo designed by tho 
application of airfoil theory. 
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IntoreEt In axial-flov compressors has greatly Increased since 
1935 as a result of offorta to obtain compressors of high efficiency 
for application to combustion-gas turbine units and alrcraft-ensine 
superchargers. In the combustion-gae turbine, where a large excess 
quantity of air Is compressed for cooling the products of combustion 
to a temperature dlowable in the turbine, the efficiency of com- 
pression is of utmost importance; in engine supercliarging, the need 
for high efficiency has Bteadily rison vlth the increasing demand 
for high-altitudo performance and tho trend toward higher manifold 
pressures for Increased power. 

The coribustlon-gas turtine unit, ospoolally in its adaptation 
to tho .lot-propulsion engine, requires a compressor of high flow 
capacity. For aircraft application, the over-all diameter of such 
units should he kept to a minimum bocaus6 the dreg on an airplane 
increases vlth tho frontal area required for tho povor plant. The 
axial-flow compressor, at proaont, is unexcelled in its capacity 
to dolivcr maximum air flow for a given over-all diameter; the 
ultimate possible mass flow Is obtained when the inlet voloclty 
equals tho velocity of sound. 

Based on tho original proposal of Eurdin formulatud as early 
as 1347, the fundamental principles of multistage axial-flow com- 
pressors and turbines were cloarly prosontod by Toumairo in 1353 
In a paper submitted to tho French Aoadomio das Sciences (rofor- 
onoe 1, pp. 14-20). StolEo used an axial-flow oomprossor in a 
eombustion-goa turbine unit designed about 1872 and tested between 
1900 and 1904, but ves iraable to obtain 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 and 1303, the largest of 
whloh had a capacity of 50,000 oublc feet per minute, but finally 
abandoned this type of compressor because the efficiencies obtained 
wore not comparable with those of the centrifugal compressor intro- 
duced ooomerciclly in 1308 (references 2 and 3), 

Heeearch on axial-flow compressors was discouraged by those 
•arly unsuccessful attempts to obtain acceptable efficiencies. With 
the development of airfoil theory and its extension to airfoil oae- 
oa&ee, the successful application of aerodynamic principles to Pro- 
pellers, windmills, fans, turbines, and pumps resulted in renewed 
effort to develop efficient axial-flow compressors. By 1933, as a. 
results of extensive theoretical and experimental research (refer- 
ences 4 to 19), a number of designers had been able to obtain 
efficiencies of 75 to 85 percent with axial-flow fans (references 4, 
12, 15, 16, 17, and 20 to 24). Because these offlcloncios were 
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appreciably higher than those obtained with centrifugal compreBsora, 
the poeaibllitlee of multistage axial-flow compreaaors appeared 
highly promising. An account of a multistage axial-flow oomproBaor 
with an efficiency comparable with that of the heat centrifugal 
compressors was published In 1935 (reference 25) In the deacription 
of a Volox steam generator. ThlB coapresBor had an efficiency "of 
the order of 73 percent." Extensive investigations relating to 

. axial-flow compressors have been made since that time (references 26 
to 32). 

The NA.CA recognized that high-efficiency compressors could he 
designed hy the application of aerodynamic principles. In 1939 
Eastman H. Jacobs of the Aerodynamic Division and Eugene V. Waslelewskl 
of the Power Plants Division at LMAL hegan an lnvoatlgation at Langley 
yield, Va., for the purpose of determining the performance of an axial- 
flow compressor based on the current information gained from extensive 

• reaearoh on airfoils. A theory was developed and applied to the design 
and construction of an eight-stage compressor and preliminary testa 
were conducted. For the present report, the compressor was tested 
over a range of speeds from 5000 to 14,000 rpm, and a range of air 
flows from full throttle to surge for each speed except the highest 
apeeda at which the flow was limited "because of insufficient power. 
Heat-transfer testa vesro made with and vithout lagging of the compres- 
sor. Moat of the toata were made with some rofrlcuratlon of the lnlot 
air, hut a few wore made at room temperature. This lnvoatlgation was 
oonduotod at the NACA Cleveland laboratory during 1941 and 1942. 

The General Electric Company gave valuable assistance In making 
the tests, particularly In designing and constructing the Journal and 
thrust hearings that replaced tho original roller and hall hearings. 

THE BACA AXIAL-FLOW COMPRESSOR 

Construction 

The principal meohanlcal features cf the HACA axial-flow com« 
Treaeor aro shown In figures 1, 2, and 3. The eompreasor essentially 
consists of a solid rotor encloaod in a casirg of throe sections: 
the hell-mouthed Inlet, the cylindrical atator, and the scroll collec- 
tor. Bach section of the casing la divided along the median hori- 
tontal plane to permit removal of the upper half aa a unit (f lga. 1, 
2, and 3). Tho maximum diameter of the compressor at the lnlot is 
approximately 20 lnchos and the ovor-oll longth is approximately 
42 inches. Compression of the air 1B accomplished by eight stages; 
eaoh of tho eight stages consists of a row of rctor blaios followed 
hy a row of atator bladoa. A row of ontranoo guldo vanes mounted in 
the Stator procedeo tho first row of rotor blades. 
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The entire casing and the supports of the compressor vere oaat 
from aluminum alloy. She front bearing housing and compressor sup- 
port vere cast Integral with the Inlet seotlon; the rear hearing 
housing and support vere oast integral with the collector section. 
The streamlined front hearing housing is supported 'by six stream- 
lined struts that are drilled for the oil supply and drain. The 
stator vas rachined to an inside diameter of li todies and rihhed 
for stiffness (fig. l). Boles vere accurately machined In the 
stator for mounting the entrance guide vanes and the eight rows 
of stator blades (fig. 3). The annular diffuser passage into the 
scroll collector, the collector proper, and the 8-inch tangential 
discharge opening make up the collector section. The cross- 
•eotional area of the collector Increases until the maximum area 
la reached at the discharge opening. 

Ja. order to obtain maximum strength and high critical speeds, 
the rotor and the hearing shafts vere machined as a solid, Integral 
unit from a duralumin forging of high physical properties. The 
shape of the rotor and of the flow passages through the compressor 
are shown In figures 1 and 2. The holes for mounting the rotor 
blades vere precisely machined to make the blade hases flush with 
the rotor surface at tho design blade setting. 

The rotor vas originally mounted on "ultrapreoleion" hall and 
roller hearings; the radial load vas carried hy tvo roller hearings 
each on the front and on tho rear; tho thrust load was carried hy 
two hall hearings on the rear. The roar hearings repeatedly gave 
trouble at speeds of 11,000 ran or less from overheating caused, 
In part, hy heat transferred from tho discharge air to tho hearing 
housing. After several unouocossful attempts to cool the hearings 
and after tvo hearing falluros, the entire hearing installation 
vas replaced hy spoclal Journal and fixed-wedge thrust hearings, 
similar to stoam-turhlne hearings, dosigned and constructed hy tho 
General Electric Company. Tho Journal hearings vero solf-alining 
and had a system of olrcumf erontial and axial groovos and an oil 
dam on tho hearing surface to control the oil film and prevent 
shaft whirling (reference 33). Tho thrust hearing vas mounted on 
the rear end of tho compressor. Eardenod- and ground-steel sleeves 
vere pressed on tho duralumin shafts to provide a good hearing 
surfaco. This boaring installation proved vory satisfactory even 
at tho maximum spocd of 14,000 rpm used in thoso tests. 

Tor hoth hoaxing Installations, tho front and tho rear hearings 
vere lubricated through separate systems; suction on the oil drains 
vas used to prevent oil from boing drawn Into tho air stream. Uhon 
the hall and rollor hearings vero used, a drip system vas provided 
to supply sufficient oil for mist lubrication. Tor the Journal- and 
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thruct-hoarin?, inste.lliB.tlon., a forood food was ueod vith a diffor- 
ontial proosura across tha hoaring3 of a^proxiaatoly SO pounds por 
Bijuaro Inch. About 1 gallon of oil por mlnuto flovoi through tho 
front Journal boarinc.s end a'oout 14 gallons por minuto flowed 
through tho roar Journal and thrust hearings. Irosauro out-off 
swltchan vors lnatallad to step '•-'ho  dynamomotora If tho oil proBBuro 

droppad too low, 
Tho hladoa voro mado from forgod 24S-T duralumin tar atook, 

vhioh haB especially doelrablo physical properties at high tompora- 
turoB. Each hlado oonBlBto of an airfoil sootion, a hasa flush 
with tho wall at tho doBl<m hlado sotting, and a mounting shank. 
Tho stator hladon wore hody-f ittod in tha stator holaa and scoured 
with nuta and look vashora; tho rotor hladoa woro scravod into tho 
rotor and proventod from turning "by tho friction locks at tho ond 
of the shanks If ig. 1). This mo'hod of construction mid mounting 
pormlta changing tho ongla sotting of all hlados within limits 
dotonainod ty tho hlado-tlp oloavancoa. Any adjustment, howovor, 
would caueo slight irregularities at tho 1>lado "oa3os, which aro 
flxiah only at doaign Bottinga. Small irvoEiOLaritioa at tho tips 
and tho haacB of tho hladas cen Tao corrootod hy ecraping. 

Tho untaporod rotor and otator hladoa W'jro doBignod with tho 
thioVawns distribution of tho HACA 0000-34 airfoil oootion trof- 
oronco ?4) and vith a maximum comhor of 5.4 percent of tho chord. 
Instead of uBing a standard airfoil soction for tho ontranco guldo 
vanoa, tho opaco hotvoon tho vanes va3 conaldorcd to ho a paaeago 
and tho vanoa vora curved to givo tho doeirod propotation to tho 
air. Tho coordinatoa of tho hlados end tho var.os aro clvon in 

tablo I. 
Tho clcaraneo hotwoon adjacont rove of rotor hlados varlod 

from approximately l/2 inch hotwoon tho first two rows to approxi- 
mately 3/16 inch hotwoon tho last two rows. Tho flllota at tho 
root of tho hlados voro kept very Boall to avoid disturhlng tho 
flow around tho root of tho "blndon; tho fillot radiuB on Mia small 
hladoa ia 0.015 inch and on tho larp,o hlados, 0.025 inch. Tho 
stationary "blade-tip oloarwaoo la approxiraatoly 0.015 inch. Tho 
hladoa in tho first rotor havo a uniform twict of llg° per inch and 

all othor rotor hladon havo a uniform twist of Sr -n'.r inch. Tho 

stator hladoa havo a uniform twiat of 5j por inch. Tho inlot 
guido vanoa oro not twistod. Tho number of oludus in cash row, tho 
chord, tho moan longth, and tho sotting for all hlados are glvo*1 

in tablo II. 
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Theory of Operation 

The purpose of tho entrance guide vanes la to reduce the veloc- 
ity relative to the first row of rotor blades and to approach 
symmetry of velocity diagrams In the rotor and the stator blades. 
fSklB purpose le accomplished by Imparting prerotation to the air 
entering the first rotor row; this prerotation, Incidentally, causes 
a drop In static pressure due tc the Increase in velocity. The 
first rotor row Imparts additional rotation to the air; work is done 
on the air and the total pressure Is increased. The static pres- 
sure Is also Increased because the velocity relative to the rotor 
ic decreased. The following stator rov reduces the vhirl velocity 
which results in a further increase in static pressure. Throughout 
the compressor, the process is repeated: the rotor rov increasing 
the absolute vhirl velocity and the stator rov decreasing it. 

This process Is essentially the same in the rotor and the 
stator blades; each rov of blades acts as a row of dlffusers 
decreasing the velocity relative to that rov of blades and thereby 
Increasing the pressure. Because of this similarity of function 
of the rotor and the stator blados, tho condition for optimum per- 
formance should be essentially the same for each; that Is, for 
optimum stage performance, the vuloclty diagrams for the rotor rov 
and the stator row should be equivalent. This equivalence is 
attained by the use of a symmetrical velocity diagram for a glvon 
stage In which tho velocity diagram for the rotor rov Is the mirror 
lauge of that for the stator row, and the mean whirl velocity Is 
equal to half tho rotor-blade velocity. 

Beoauso of the effects of centrifugal and Corlclls forces, 
true equivalence in the rotor and stator blados is impossible. In 
tho rotor blados, tho pressure rise across the blados must be 
greater at tho casing that at the hub In order to balance the 
greater centrifugal force caused by tho incroaso In vhirl velocity 
following the rotor row; whereas, in the stator row, the revorse 
is true. The doviation from equlvalonoo of the rotor and tho 
stator bladoa Increases as the ratio of hub to casing dlamoter 
decreases. In the design of tho MACA axial-flev compressor, only 
the prossuro balancer across a cczrcloto stage was considered (except 
for tho Initial guide vanos and first rotor rov) and not across 
Individual rows of blades. Some deviations from tho design flov 
must therefore be oxooctod. 

The entrance guide vanes and the first row of rotor blades 
were designed to produce a whirl-velocity distribution approximately 
corresponding to a symmetrical velocity diagram at each radius, 
Tho following rows of blades and the passage shapo wore designed 
on tho basis of a symmetrical velocity diagram at each radius and 
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an axial component of velocity that la constant vlth respect to 
the radius but Increases along the axis from the Inlet to the out- 
let end of the oompressor. The Increase In the axial component 
of Telocity, used to obtain maximum pressure ratio per stage within 
the Mach number limitations Imposed at the ble.de tips, is obtained 
fey tapering the rotor. The design theory, based on an unpublished 
report OJ- Eugene W. Waaielevshi, is developed In the appendix. 

APPARATUS ADD TEST PROCEDURE 

Tests 

The recommended standard procedure for testing superchargers 
«as used as far as practicable (references 55 and 36). The setup 
of the test equipment is shown In figure 4. Because of necessary 
changes made in the setup during the tests, the results reported 
are for two sets of conditions vhioh, for convenience, have been 
designated original and final tests and are given for easy refer- 
ence In table III. 

Original tests. - The compressor was driven by a 300-horsepower 
dynamometer interconnected with a cradled gearbox In order that the 
torque output might be read from a single scale. An adjustable 
counterbalance weight was Mounted on the gearbox to obtain a center 
of gravity for the gearbox that would coincide with compressor axis. 
The inlet air passed from an orifice tank through a valve into a 
depression tank approximately 4 feet in diemeter and 6 feet in 
length. This depression tank had a felt filter and honeycomb 
straightening vanes to insure a smooth air flow free from foreign 
particles. Because of the large cross-section area of the tank, 
the velocity pressure was negligible. The discharge air from the 
oompressor passed through a lagged discharge duct B Inches in diameter 
and 10 diameters In length. The use of a depression tank at tho 
compressor inlot instead of a straight duct 15 diameters in length, 
and a discharge duct of 10 diameters in length instead of 15 are 
the only changes fron standard tost procedure The effect of those 
changes on the results is boliovad to bo negligible. Tests made 
•with this setup covered a range of rotor speeds from 5000 to 9000 rpm 
and a range of air flows from wide-open throttle to near surge. 
Because tho compressor had a violent surge, no data wcxro taken in 
the Burgo range. 

At 9000 rpm, tho discharge temperatures wore becoming too high 
for the aluminum blades and the damaged bearings had to bo replaced. 
In order to reduoo the temperature throughput tho compressor,- tho 
Inlet air was cooled by expanding It through tho turbine of a 
turbosuperoharger; the suporcharger served as a brako to rogulate 
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the speed of the turbine. Because the flow nage of the turbine 
«as limited, an inlet val*re vas used to obtain low air f lows and 
a bypass valve vas used to obtain high flows. The depression tank 
vas lagged to reduce heat transfer to the cooled inlet air. Teats 
mode «1th this setup covered a range of rotor speeds fron 9000 to 
11,000 rpm; at 11,000 rpm the ball and roller bearings failed. 

Final tests. - Tho bell and roller bearings were replaced by 
the special Journal and thrust bearings, a larger turbosupercharger 
VttB installed, four thermocouples were placed symmetrically around 
the compressor inlet to check the tank thermocouples, the blades 
vere reset by measuring the angles at the tip, and another 
500-horsepover dynamometer vas added to obtain more power. Per- 
formance teBts wore made over a range of speoda from 8000 to 
14,000 rpm with the compressor and the scroll unlogged. Special 
speed-parameter testB vere also made at 11,000 rpm with the com- 
pressor unlagged. In order to check adiabatlc temperature-rise 
efficiency against adlabatlo shaft efficiencies, the compressor 
and the scroll vere lagged with felt 1 inch thick. Thermocouples 
and oil-welpjilng equipment vere installed to measure the heat 
carried off by the oil. Special speed-parameter and host-transfer 
tests vere being mode when the compressor bladoo failed at 
11,000 rpm. 

Instrumentation 

Locations of the various measuring stations are shown la fig;» 
«re S. The air temperature at the orlf lco-tank inlet vas measured 
with mercury-in-glasB thermometersj all other temperatures vore 
measured with thermocouples. The air and oil tomporaturoB vore 
measured with copper-censtantan thermocouples. Tho four thermocouples 
at tho compressor lnlot vere symmetrically placod around the com- 
pressor axis; tho two thermocouples after the last row of stator 
blades and the two thermocouples In tho discharge» duct wore arranged 
diametrically opposite. Tho cold Junctions of all thermocouples 
vore placod in an ice bath to in.sv.re a constant temperature at the 
cold Junction oqual to that at which the thormocuplos wory calibrated. 
The difforenoo in potential between tho hot .and tho cold Junction 
vas measured with a calibrated potentiometer. 

All static and total prcsBuros, except tho pressure drop aoross 
the thin-plato orifice, wero moasurod with mercury manometers. Only 
static prosBuroB vore measured in the doprossion tank because the 
velocity pressure vas negligible Static pressures vore takon at the 
oomprosaor inlet, after tho entranoo guide vanos, and after each row 
of blades. 
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o blade chord, feot 

CL lift coefficiont 

D drag por unit blado length, pounds per foot 

Uj. rotor-blade tip diameter, feot 

f resultant force on blades per unit blade length, pounds 
por foot 

g ratio of absolute to gravitational units of mass (32.174) 

H increase in total enthalpy (heat content) per unit mass, 
foot-pounds por pound 

Ej^ isentropic increase In total onthalpy per unit nass for 
given total-precsuro ratio, foot-pounds per pound 

L lift per unit blado length, pounds per foot 

M local Mach number, V./a 

MQ compressor Mach number, tk/a^ 

n rotor spocd, revolutions por second 

H rotor speed, revolutions por ninr.to 

p absolute pressure, pounds per square foot 

P eover por unit blado length, foot-pounds per second per 
foot 

q^ pressure cooffioiont, ga^/U^. 

Q volume rate of flow, cubic feet por second 

P.^/n    load coefficient 

Ql/nll;.^  quantity coofflciont 

r      radius to blade clumont, foot 

S       blade spacing, 2«r/B, foot 

'S toaparature, °F abaoluto 
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u      ratio of blade-element velocity to axial component of 
air velocity, Tj/Va 

U      -velocity of rotor "blade eleuent at radius r, feet per 
second 

V absolute air velocity, feet per Becond 

v      ratio cf absolute whirl component of air velocity to 
axial component 

Aw     ratio of change In whirl component to the axial component 
of air velocity 

V air velocity relative to rotor, feet per second 

p angle between compressor axle and absolute air velocity 

7 adiabatlc exponent 

T circulation around blade, square foot per second 

t IOBO ratio, Pi_,/ri 

»l blaie-profilo efficiency for Etage 

TVp adiabatlc temperature-riao efficiency 

T1B adiabatlc shaft efficiency 

6      ratio of actual inlet stagnation temperature to standard 
sea-level temperature, T^/519.6 

p      mass density of air, slugs por cubic foot 

a      blade-elcner-t solidity, cB/2sr 

0      angle between compressor axis and air velocity relative 
to rotor 

SUBSCRIPTS 

1 conditions at cwroroBSor inlet (la, lb, lc in doprosaion 
tank; id, lo, If, lg, Just ahoad of entrance guido vanes) 

2 conditions Just after last row of atator blades 
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depends upon the inlet-air temperature; that lst the design speed 
is 10,000 rpn at -67° F, and 13,400 rpm at 59° 7. Because of the 
large efficiency variation vlth speed, the choice of a parameter to 
represent the speed is especially important. Dimensional analysis 
shove that compressor performance does not depend upon rotor speed 
alone hut 1B a function of dimensionlees variables, such as the 
compressor Maoh number Ut/a1, where Ut Is the rotor blade-tip 
Telocity and a^ Is the velocity of sound at the inlet to the com- 
pressor. 

In figure 7 the peak adiahatic temperature-rise efficiency is 
plotted as a function of the compressor Mach number. Because of 
the slight differences in blade settings, separate curves are drawn 
through the points obtained in the original and the final tests. 
The points in the final tests fit the straight line quite well, but 
those of the original tests shew on appreciable scatter from the 
linear relation. The final hlsh-speed tests have slightly higher 
efficiency than the original low-speed tests in the overlapping 
range (fig. 6); this difference appears to lnorease with speed and 
may amount to 4 points at maximum test speed. (See fig. 7.) The 
linear relation cannot, of course, hold at high values of Ut/al 
owing to compression shock losses encountered when tho relative air 
velooity at any point oxsoeds the local velocity of sound. Because 
the local Mach number is a function of the compressor Mach number 
and tho load coefficient 0^/n, the- pea'.: efficiency must reach a 
maximum at a value of U*/aj_, probably greater than values herein 
reported. A leveling-off of tho efficiency curve at tho highest 
volume flow is Indicated in figure 7 hut, because of the limited 
number of test points at 14,000 rpm, dofinlte conclusions are unwar- 
ranted. 

Tho increase In efficiency with apeod was oxpectod because the 
flow distribution approaches tho dosign distribution as the speed 
increases. At low rotor spoods when the axial component of velocity 
is correct at tho middle of the comproBsor, tho velocity will he 
too low at tho Inlet with resultant high angles of attack accompanied 
by large losses and will be too high at the outlet with resultant 
small angloB of attack and too little work from the last rotor blades. 
Losses in tho scroll will also be high because of tho high outlet 
voloolty. Efficiencies at low spoods cculd havo boon improved by 
using different blado eottings for each speed, but such investiga- 
tions would have rog.ulrod considerable time. Bocause tho tosts were 
planned for performanoo at dosign conditions, tho blade settings 
woro not altered to glvo maximum performanoo at different speeds but 
wore Bet for the dosign spoed throughout the tosts. 

iHS# •••'"' 
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Comprossrr efflcinncleB baaed on total-pressure measurements 
at o;J.t of last stater rov. - In order to Investigate compressor 
efficiencies without including losses In the scroll oolleotor, pro- 
vision vaa made for taking total-pressure surveys 'behind the last 
row of etator Diodes. Because of the urgency for data on over-all 
performance, these surveys were to be made after the regular per- 
formance tests had been completed; owing to blade failure, these 
surveys were nevor carried out. In the course of taking other data, 
however, roadlng3 were taken on two total-pressure tubes adjusted 
In the oentor of the stream to give maximum-pressure readings. The 
adlabatlc efficiencies based on the average of these two readings 
are shown In figure 6; the over-all efficiencies of the oompre3Sor- 
scroll combination are shown for comparison. Compressor efficien- 
cies based on those two total-pressure readings will be somewhat 
highor than efficiencies based on passage Burvoys; the difference 
will vary with Cji, owing to variation in velocity pressuro and 
velocity distribution. Tho results muat therefore be considorod 
approximate. 

Tho greatly inoreasod spread between the ovor-all efficiency 
of the compresaor-ecroll combination and the efficiency of the 
compressor proper at tho higher values of 0^ is caused by tho 
largo increase in kinetic energy of tho air entering tho scroll. 
Booause the static pressuro ratio across the compressor propor 
(static pressure at 8s divided by tank pressure) drops considerably 
with a small increase in % (eoo fig. 9), tho outlet volocity 
must increase much moro rapidly than CJj, which results in a largo 
incroaso in scroll lossoe for a oma31 inci*eaao in Q^. Tho outlet 
volocity may approach tho volocity of sound at tho higher com- 
proosor speeds with wide-open throttle. Tho local Msich numbor at 
the compro3Sor outlet can be calculated from the formula 

7-1 

\PB/ 
- 1 

Tho total and tho static prosauro can bo obtained from tho curvos 
of figure 9 at location 9s. 

Tho sudden drop in offioioncy at wido-opon throttlo with a 
Ql of 114.6 cubic feet par second and at a rotor speed of 12,000 rpm 
can bo explained by eomprosEior. shock losaes ovor tho last stater 
blades; tho Mach number following those blades was 0.939. Tho sudden 
drop in offioioncy with increase in Qj^ did not occur at otiior 
speeds because tho exit volocitios vero well bolow sonic values. At 
lower coiroresaor apoods, lossos wore sufficient cvon at wido-opon i 
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throttle to keep velocities well below aonlo values; because of 
power 11mltatIons, testa at higher apeede wore not run at vldo-open 
throttle where sonic velocities would he encountered. 

Pressure distribution through the compressor. - The pressure 
distribution through the compressor Is shown In figure 9. In addi- 
tion to tho static pressures, total pressures taken at the exit of 
the last stator blades (location 8s) and In the discharge duot are 
shown. 

The pressure rise toward the outlet end of the compressor is 
markedly sensitive to changes In Q1; actually becoming negative 
for large values of Qq_.    The much larger chance in pressure rise 
at the disoharge than at the inlet is caused by compressibility 
effects. A small Increase in % produces a small Increase In the 
axial component of velocity at the Inlet and a decrease in the 
angle of attack. The smaller angle of attack results In a smaller 
density ratio and, because of continuity, produces a somewhat 
groator Increase in the axial oomponent of velocity behind the row 
of blades than ahead of the row. The effect may be quite small In 
the first few rows of blades and actually masked by other effects, 
such as a ohango In velocity distribution in the radial direction, 
but the cumulative effect over a number of stages may become so 
large that in the last stage negative angles of attack result on 
both rotor and stator blades. The last stage then acts as a tur- 
bine recovering part of the energy put in by the preceding stages. 

Correlation of Varying Inlot^Air-Temporature Data 

by Use of Different Speod Parameters 

The large variation of adiabatlc offloioncy with compressor 
•peed, the wide range of inlet-air toaporatures used, and certain 
peculiarities of tho performance curvos when rotor speed was used 
as a parameter (note shapo of curvo for 12,000 rpm at high volume 
flow, figs. 6 and 8) mado the investigation of tho effect of Inlet- 
air temperature with different sjoed parameters imperative 

Constant rotor speed. - Tests wore run at a constant rotor 
•peed of 11,000 rpm and at two sets of inlet-air temperatures to 
Investigate the effect of inlet-air tomperaturo on tho shape of per- 
formance curvos. Starting with the turbino-lnlot and tho bypass 
throttles wide open, tho maximum amount of cooling for the desired 
range of flows WBB obtained by first closing tho bypass throttle 
and thon dosing tho turbine-inlet throttle until tho surge point 
was roached. Tho tests wore repeated to obtain tho maximum tem- 
perature by first closing the turbine-Inlet throttle and then the 
bypass throttle. 

••••••» 
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The results of these tests are shown In figure 10. The narked 
difference between the two sets of curves Indicates that the com- 
pressor performance basod on rotor speed as a parameter depends to 
an appreciable extent on the inlet-air tcuperature. Although the 
temperature could he considered an additional variable, in repre- 
senting results the number of independent variables should be kept 
as small as possible. Dimensional analysis is of value in deter- 
mining the minimum number of independent variables once the essen- 
tial factors of the problem are known. (For a discussion of the 
method of dimensional analysis as applied to air compressors see 
references 36 and 37.) 

Constant ratio of tip speed to velocity of sound. - If the 
effect of viscosity, heat tranufer, deformation of compressor, and 
variation of specific heat are neglected, dimensional analysis shows 
that the performance of any set of geometrically similar compressors 
should depend on two dimonsionless varicbloB, which may bo taken as 

Ql/nDt  and U-t/a, whore Dfc is the diameter of the compressor, 
and a is either the velocity of sound at tho inlet a-^ or at the 
dlschargo a^. When only one compressor Is considered, Dt may be 
omittod because It remains constant. Tho quantity coefficient 

Ql/nBt  is thus replaced by the load coefficient 1\/n., 

In ordar to determine whether two independent variables are 
euffioient for representing the performance of tho axial-flow com- 
pressor, the tests with two sots of inlot-alr tomperaturos wore 
repcatod, first with Ut/al aaQ later with Ut/a^ hold constant. 
Tho rosults are shown In figure 11. Chock runs wore made for both 
high and low temperatures with TIt/al constant; those runs explain 
tho two Bets cf high- and low-temperature ourvos in flguro 11(a). 
The quantities plotted In figure 11 differ from those in figuro 10 
to conform to dimensional considerations; the actual prossure ratio 
replaces the pressure ratio corrected to 60° F, and tho dimonsion- 
less prossuro coefficient 

lad 

replaces tho dimensional quantity Hid, 

The effect of lnlot-eir temperature on compressor porformtjico 
was much lc3S than when tho rotor speed was held constant. A 
slight difference in perferrakneu, however, still uxi3tod for tho 
two sots of inlet-air temperatures even wh-sn tho compro3sor Mach 
number was held constant, indicating that factors other than thoso 
considered in tho simplified analysis had an effect on tho porforennce. 

\ 
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Tho Reynolds number off02t affords tho most reasonable explanation 
of tho diifei'enoe; the hicher Reynolds mnriber gives the higher 
efficiency, which io in accord with test results on airfoils. The 
ohange of 2 points in the compressor efficiency for only a 25-percent 
change in Reynolds number may be attributed to a critical Beynolds 
number effect found to occur on airfoils at approximately the Reynolds 
number encountered in the compressor tests. (See reference 38.) 
Other possible explanations wero considered but wore found to be 
inadequate to account for the results. Direct heat-transfer effeots 
should produce a chango in the opposite direction. Vater condensa- 
tion was eliminated as an explanation because all the tests were run 
at temperatures above tho daw point at the inlet to the compressor. 

Roplottlng of all Compressor Tests on tho Basis of Mach Number 

Because tho compressor Mach number was shown to offer a more 
accurate basis for performance representation than compressor speed, 
all tho test rosvlte woro raplotted on the basis of Mach number 
(fl«. 12). Instead of using"tha load coefficient as ab3ciasa and the 
comrirossor Mach number as a parameter (fig. 11), a method of repre- 
sentation proposed by Lt. Condr. William Bollay in an unpublished 
report from the Bureau of Aeronautics, ISavy ropfcrtnent, lias been 
ucjd. Tho total-prossvre ratio is plotted as ordlnato and Q1//0 
ao abscissa with TJt /,/9 as a i».rameter, where 0 is tho tempera- 

ture ratio T,T/513.6. As tho over-all performance tests on tho 

compressor woro not run with XL jJ~Q   as a poramotcr, it was neces- 
sary to interpolate from test points to obtain both tho \5^f*fW 
and tho tj^ contours. 

Tho purpose of this method of representation Is to givo the 
performance directly In toiinn of tho blade tip speed and thj inlet 
volumo flow at a stendp.rd Inlet-air teiupoi'ature of 59° F; tho 
method £it the same time permits ready calculation of tho corre- 
sponding tip speed and Inlet volumo flow at any ether inlet-air 
temperature by multiplying the parainotor V^/-/W  or tho abscissa 

^l/^fl» respectively, hy tho value or JIT  for tho desired tompora- 
turo. Tho tarm Ut IJW  is, of course, directly proportional to the 
comprossor Mach number. For referonc:>, the valuos of tha compressor 
Mach nuEtbor corresponding to the valuos of V^jJ'ö   shown in fig- 
ure 12 era Glv°n i'-i the following table. 

i 
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tIt//S" Ut/ax ut/ytr Val 

300 0.2669 600 0.5377 
550 .3136 650 .5325 
400 .3585 700 .6273 
450 .4033 750 .6721 
500 .4431 900 .7169 
550 .4S29 350 .7617 

Although this representation includes the Mach number effect 
on performance, it does not inolude effects due to Beynolds number, 
heat transfer, etc., and therefore should not he expected to apply 
accurately to tost conditions differing widely from those used in 
the performance tests. 

Heat Transfer and Shaft Efficiencies 

Although adiabatlc ei'f ioiencies based on temperature-rise ratio 
are commonly used for rating superchargers, these efficiencies should, 
when possible, he checked against adiabatlc shaft efficiencies hased 
on measurements of power input and bearins loasos. Adiabatlc shaft 
efficiencies hased on a shaft power defined as powor input to com- 
pressor minus power loss in hearings should a^roe with the adiabatlc 
efficiencies haaed on tenperature-ri3e ratio, provided that tho not 
heat loss from the compressor air is negligible. 

Comparison of adlabatio temperature-rlBe, corrected shaft, and 
uneorreotod shaft officlencios. - Only a few runs had hoen made to 
compare the adiabatlc temperature-rise and tho shaft efficionoies 
corrected and uncorrocted for bearing loss and to eliminate the 
sources of discrepancy whon the test program was terminated hy blade 
failure. Figure 13 presents results obtained at a compressor Mach 
number of 0.6. Tho dlfferonco between the adiabatlc temperature- 
riao efficiency end tho corrected adiabatlc shaft efficiency ranges 
fron 1,3 to 4.2 points.' 

Figure 14 shows the variation of those off icionoies with time 
for constant rotor spood end air flow. Tho curves shown wore based 
on. the tomporaturo measured by the four thermocouples at tho coia- 
prossor inlet and throe thermocouples in tho depression tank. The 
thermocouples at both locations wore recalibrated after the comproseor- 
blado failure and wore found to bo accursto. The difference botwoon 
tho curves basod on tho two seta of inlet-air tumporaturos was per- 
haps caused by failure to obtain a truo flow-avoroge tomporaturo at 
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4. The adlahatlc shaft efficiency oorreoted fox heat losses 
to the lubricating oil and measured on the lagged compressor at a 
oouproBBor Haoh nuniber of 0.6 was from 1 to 4 points lover than the 
adlabatlo temperature-vise efficiency. Possible sources of error 
existed In both efficiency measurements. 

5. Speed-parameter tests made over a range of inlet-air tem- 
peratures showed that the use of compressor Haoh number as a 
parameter gave such tetter agreement of results at different tern» 
peratures than the conventional use of rotor speed as a parameter. 

conclusion 

Axial-flow compressors of high efficiency can he designed by 
the proper application of airfoil theory. 

Aircraft Engine Research laboratory, 
Hational Advisory Committee for Aeronautlos, 

Cleveland, Ohio. 
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APSHDIX 

EESIOT THECEY 

Efficiency of Radial Element of 

Single Stage of Compressor 

A single stage of en axial-flow compressor oonsists of a row 
of rotating blades that adds whirl to the air and a row of stationary 
blades that removes whirl. Figure 15(a) shove the developed view 
of a cylindrical section of euoh a stage. The blade chord is c; 
the number of blades, B; and the radius at the element, r. 

For convenience In the discussion of theory, the axial com- 
ponent of velocity Va la assumed unchanged throughout a stage. 
The gradual increase in the axial component of velocity from the 
Inlet to the outlet of the compressor should not materially affect 
the theory. 

Figure 15(1)) shews the velocity diagram for the stage of 
figure 15(a); V^ and VG are the absolute air velocities at the 
Inlet and the exit of the rotor blades; and Wt and Wa, the 
corresponding air velocities relative to the rotating blades. The 
symbol Va also represents the inlet velocity to the stator blades 
following the rotor blades. As the same amount of whirl added by 
the rotor blades is assumed to bo removed in the stator blades, 
Vj also represents the velocity loaviig the stator tl^ic-s. Certain 
velocity ratios used in the theory are defined as follows: u is 
the blade-element velocity divided by the axial component of air 
velocity; w, the whirl component of air velocity divided by the 
axial component; and Aw, the increase in whirl loaponont of air 
Telocity through the rotor blades divided by the axial component. 

In order to apply airfoil theory, the velocity to be sub- 
stutited in the lift and the drag equations must be determined If 
data from tests of an isolated airfoil are to be used. It can be 
shown (reference 16, p. 5) that for the rotor bladoa 

dl. - p Wmrdr 

where 

4L  lift on blade element dr 

i 
p  mass density 

r  circulation around blade 

• i"i :*&'. V*^'^ 
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This formula ia Identical with the one given by the Xutta-Joukoweki 
thoorom for an isolated airl'oll with the mean relative velocity Wm 
(fip. 15(b)) substituted for the free-stream velooity. The sane 
formula applies to the stator blades if Vn   is replaced by Vm. 
Thus, the lift and the drag In an aii-tfoil cascade are perpendicular 
and parallel, respectively, to the mean relative velocity through 
the cascade. 

The aerodynamic forces, per unit blade length, acting on a 
rotating blade element are shown in figure 16, in which L is the 
lift; D, the drag; f, the resultant force; and tg,    the com- 
ponent in the direction of blade rotation. The angle fa   ia 
between the mean velocity Wn and tho axis of the compressor. 

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

and 

ffiRu va 

tm = (pSVa)(Vaaw) 

- pSVa
2Aw 

2nr 

(1) 

(2) 

whoro S is the blado spacing -=r- 

Therefore, 

Pj = pSVa
3 uAw 

The jowor loss in the rotor per unit of blade length for each blade 
is 

(3) 

*LB = DR 
Wm 

i ILHS 
and 

LR m  (f m - DR sin fa)  —i^- 

Dß tan fa 

(4) 

(5) 

LflR 

£ 
L0R T-R (?) *« 0m 
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or 

Then 

** = 
rea 

coo ^•(^tan^ 
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(6) 

PLB- — 

cos ^ [x • (Ba *<* ^" 
(7) 

In a similar Banner, the power lose in the etator Is 

Pig •  
r9S 

°°o ßm 1 + [?)8 
tan ßaj 

(e) 

mtTabfelute veloc^ V^*^**1**?* compressor and the n_(K .„J    ,.   .      J   •*. vm«  .K-o value of   D/L   in «p +1, • J. 0.05 and,  if    tan ß 
the terra   2 tan 

Li 

iV   VWMMnalMr  ana   Tile 
Ihe value of D/L IS of the order of 

(or ßm) is 1.2, the error due to neglecting 

_ ia loss than 6 percent of the losses. Because 
the losses in an efficient ataje vill ho a small part of the total 
energy input, this teim may he neglected in calculating the effi- 
ciency. Mia total power loss is therefore 

*Lp = * "•; 
^ cos 4   f<* vr.4 O) 

Although D/L will, in general, vary somewhat with ^ or 
pn, this variation will depend upon many factors such as solidity, 
blade section, lift coefficient, etc. Inasmuch as no general 
relation is known for this variation, D/L has heen assumed constant 
in the following analysis. Also, because the etator blade" reduce 
the whirl of tho air by the some auount that the rotor blades 
increase it, tgR    equals fco.    «•«•*«••» '°' 

Y %na  same auount that the rotor blades 
increase it, fgjj equals fgg. Equation (9) therefore becomes 

P
LT -I*./ 

From the veloolty diagram 

oos ^ 

(10) 

i( U   - Vj Aw\2 
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and 

A130 

and 

Then 

cos Pn 

)   +1 

wn = va ,yl + (u. v±. f) 

"m, !fe 

22    5& 

*[(v*-.tf rK**f *•]    (11) 

dividing equation (11) by o 

(u.Vl.f)2 + (wi+f)2] 
Tho loss ratio is obtained by dividing equation (11) by equation (l) 

The stage efficiency t| is equal to 1 - £. 3y differentiating 
equation (12) and Betting the derivatives equal to aero, 

^i2  Aw2  2 Aw »i" H    D / 8 
3Ü = L l" u2 

+ 1 
2U4- 

Iw vi \ 

|l-=(4v1-2u + 2.v)£i 

From these equations is obtained 

z • wi + T 

and 

(13) 

(14) 

(IS) 

(16) 

The condition u/2 = w^ + Aw/2 shows that minimum, losses are 
obtained with a symmetrical velocity diagram, the absolute minimum 
being reached when u = 2. For high solidities tho value of u for 
minimum losses may be somewhat lowor owing to the Increase in D/L 
with u. (See reference 19.) For a symmetrical velocity diagram 
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(17) 

Figure 17 shows {/r- plotted against U] good offlcioncios aro 

obviously attainable vith a symnotrical diagram ovor a vide rango 
of values of u. Wh-n u « 2, 

t nin «S 
45° and 

Whon D/L • 0.0S and g>!, the angles 

(18) 

and % ero 

tan fin 1 + *• tan 

- 1.05 

Thus, the error in loss ratio incurred in noglectinc D/L tan 0 is 

(o.l - —* .* ' ) • 0.0043 or 4.5 jeroeat of the iracorrocted loss 

ratio; hence, for this casj, the orror in offioienoy is only about 
0.5 nurcunt. 

Inasuuch as all the useful energy put into the air goos into a 
rino in prossuro, the uscful povor is, for small prossuro changes, 

*« = IPV «A* 
- TaAp 

and 

Ap • tJpVa
s uAv 

is the prossuro rise in a singlo stage. 

(19) 

(SO) 

The Design of a Singlo Stago of the Compressor 

In the design of a single stago, tho axial velocity is assumed 
constant with ruspoct to tho radius. Tho lift per unit longth of 
rotor blade is 

Ä« (l + § tan A») 

If tho term j- tan j^ is nogloctod, 

(G) 
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-cLx|xwm
zxo = cLx2.xwBl

2xoxs 

where    0   is the solidity   | = §§_ 
O        CRT 

(21) 

V(u-v-"f+i 

P VAw . ̂ (u-v1.f)
2
+l = 0Lo|[(u-w1.ff + l] 

or 

CL a 2&w 

VF . «r • i 
For the stator row 

CL O 

„.   . ^j 

2tv 

Vh*ft 

(22) 

(23) 

+ 1 

For a Eymmotrical diagram thoso expressions are identical. For 
hlado rows where the cord a't the tip Is equal to ur less than the 
chord at the huh, the maximum value of a   will he at the huh. 

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

or, hocauee 

Vwh • ut*vt 

H *"t 
" *"h 

Awt - — iwh 

(24) 

(25) 

(26) 

Equation (22) gives conservative values of Cj, o that are 
slightly higher than the actual values. For a symmetrical diagram, 
equation (22) becomes 
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(27) 

+ 1 

Inasmuch as ut la always largor than un and, from equa- 
tion (26), 4vh is always larger than Awt, equation (27) shows 
that, for a aymmotrical volocity diagram, the maximum value» of 
CL a will occur at tho hue. According to Koller (rofcrenco 16, 
p. 49), stalling can bo avoided by keeping the solidity (chord/pitch 
ratio) below 1.1 and tho lift coefficient bolow 1.0. A conservative 
lift coeffioiont of 0.7 at tho hub was usod in tho design of tho 
NACA axial-flow compressor. Tests on hl£h-spood airfoils indioato 
that good efficiencies should bo obtained at this lift coefficient 
(roforenco 34). Bocause of tho lower lift coofficient used in tho 
design, slightly higher solidities than those roconmiondod by Kollor 
were permitted; solidities at tho hub rangod from 1.1 to 1.2. 

Beference 34 also illustrates that a practical limit to the 
speed at which airfoils giV9 good efficiency is 0.7a, where a is 
the velocity of sound. From the velocity diagram, 

or 

(S£f C.49 

[*• (u - Wj) 2] 

[' • (u - v,)2] (29) 

Equation (28) la a conservative limitation on the maximum allowable 
axial velocity In a wheel. A similar expression can be written for 
the stator blades. From inspection of equations (26) and (28), it 
Is evident that this limitation will be imposed at the tip section 
for tho symmetrical case. 

d 

NACA Axial-Flow Compressor 

A single stage of tho NACA axial-flow compressor was designed 
by applying the limitation on Cj, and a at the hub and the 
veloeity-of-sound limitation at the tip. A value of u near the 
middle of the comprecsor was initially chosen so as to make the 
blade elements throughout the compressor operate In the high-efficiency 
range shown in figure 17. Application of the equation of continuity, 
together with the hub and the tip conditions for each stage, per- 
mitted tho completion of the design for all stores. 
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In order to give tho air the amount of rotation specified by 
the design conditions, the row of entrance guide vanee Is quite 
different in form from the other stationary rows. For the eune 
reason the first rotating blades were given considerably greater 
twist than the succeeding rotating blades. 
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TASTE I. - SECTION COCRDIKATJS OP BOTGR ARD STATOE BLAUES 
AND GUIDE VANES Kf PERCENTAGE OF CHORD 

[iEhe reference chord of the guide vane is from the cnnter 
of curvature of the leading edge to tl*e trailing edge; the 
leading-edge radius la O.eO rercent of the chord. The 
leading-edge radius of the rotor and the stator blades Is 
0.22 percent of the chord,J 

Rotor and stator blades 

IUpper surface  I  Lover surface 

Station OrdinateTstation 

0.00 0.00 
1.23 1.47 
1.9E 2.79 
3.13 5.36 
4.11 7.DO 
4.94 10.42 
6.36 15.42 
7.45 20.39 
6.95 30.27 
9.60 40.12 
9.76 49.96 
9.23 59.81 
9.05 69.70 
6.13 79.62 
3.31 89.72 
1.68 94.84 
.09 100.00 

Entrance guide vanes 

Upper- 
04. *,   surface 
fetation . ordlnate 

Lovor- 
surfaoe 
ordlnate 
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