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SUMMARY

An investigation was conducted t 0 study t he pexrformanceof a
si ngl e- st age axtal-flow compressor using bl ades with an NACA 5509-34
airfoil section. The conpressor had a l4-inch tip diameter with a
hub-to-tip diameter ratio of 0.8 at the entrance to the rotor.
Static- and total -pressure, total-temperature, and flow-anglesurveys
were taken in the compressor inlet and outlet and between bl ade rows
to study both the over-all performance and individual blede-row
performance,

The performence Of t he rotor amd stator blade rows i S pre-
sented seperately on the basis of three different neasures of bl ade
loading: turming angle, |ift coeffictent, and a | oadi ng factor
defined as the rati o of t he change in tangentisl wvelocity through
the bl ades to the nmean axial velocity. Discrepancies between the
wei ght f£iow as neaeured by the orifice and the wei ght fl ow obtained
by & mechanicel integration of t he axial-flow componemts across t he
passage at the various measuring Stati ons lndicated a need for more
camplete and preclse instrumentation between the bl ade r ows.

The over-al| performance results at design speed showed t hat
a meximum total-pressure ratio of 1.262 and a maximm adlabatic
effiolency of 0.84 were obtained at an eguivalent weight f| ow of
10. 50 pounds per second.

INTRODUCTION
Axi al - f| ow compressor research | S currently aimed at obt ai n-

i Ng informetion that wlll permit t he desi gn of axlel-flow conpres-
sors with high pressure rise per stage wthout sacrifice of
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efficiency or flow capacity. One phase of the research programis
t he devel opnent and investigation of various airfoil sections in

t wo- di mensi onal and three-di mensi onal cascades for the purpose of
obtaining information concerning blade loading and its limtations
Information of thfs nature is essential In the design of conpres-
sors that are to operate with a maxi num pressure rise and high
efficiency. Because of radial pressure gradients and. flows set

up by centrifugal forces, however, and because of the possible
effects due to adjacent bl ade rows,the flow in an actual conpres-
sor is much nore conplex than that encountered in cascade investi-
gations, Bl ade performance must therefore be investigated under
actual conpressor operating conditions in order to deternine the
effect of these additional variables. Because of the complexities
introduced in the investigation of a multistage compressor, it is
desirable to performthe investigation on a single-stage conpressor
consisting ofan initial set of guide vanes followed by a set of
rotor and a set of stator bl ades.

A 14-1nch-diameter conpressor of this type has been used.
at the NACA Cl eveland |aboratory to investigate the effect of
different blade sections on conpressor performance. The hub-to-
tip diameter ratio of this conpressor was 0.8 in order to be
representative of the usual dinensions of the middle stages of a
nmul ti stage conpressor. The first set of blades investigated in
this unit used the NACA 5509-34 airfoil section and was similar
to the blades used in the fourth stage of the NACAeight-stage
conpressor (reference 1). A design procedure simlar to that
of reference 1, which had the same solidity and Mach nunber
limtations, was used..

In order to obtain conplete information concerning flow char-
acteristics and individual blade-row performance in a single-stage
compreasor, ft is necessary to take pressure and tenperature neasure-
nments between the blade rows. Because of the very limted space
avai | abl e between the blade rows, difficulty was encountered in
obt ai ni ng instruments sufficiently small to fit between the blade
rows without sacrificing accuracy. In addition, the Eroxinity of
adj acent bl ade rows to the neasuring plane very probably has an
effect upon the pressure and angle neasurenents. Radial flows and
pressure gradients also conplicate the instrumentation. The problem
of instrumentation Was therefore inportant In the investigation of
t he £irst dlade desi gn.

This, investigation Was conducted over a wide range of air
flows at corrected rotor speeds of 7265, 11,500, and 14,530 rpm,
corresponding to approxi nately one-half,three-quarters, and full
desi gn speed, respectively. The over-al| performence is presented
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as plots of total-pressure ratio and adiabatic efficiency against
corrected weight flow The individual blade-row performance is
studied on the basis of three |oading parameters: turning angle,
lift coefficient, and a | oading factor defined as the ratio ofthe
chlange in tangential velocity through the bl ades to the mean axi al
vel ooity.

SYMBOIS

The following synbols are used in this report:

Cr, "l'i ftcoefficient

cy specific heat at constant pressure, Btu/(1b)(°F)

g acceleration due to gravity, 32.174,(£t/sec2)

Hyg adi abati o work input per pound, (£t-1b/1b)

a act ual wor ki nput per pound cal cul at ed from increase in
angul ar momentum acr oss rotor, (£t-1b/1b)

Hp actual work input per pound cal cul ated from total -

tenperature rise, (ft-1b/1Db)

J nechani cal equival ent of heat, 778, (f£t-1b/Btu)

K constant in turning-angle relation

N rotor speed, (rpm)

N/,/6 rotor speed correctedto standardsea-level tenmperature, (rpm)

P total pressure, (1b/sq £t absol ute)
= static pressure, (1b/sq ft absol ute)
r radi us to bl ade element, (£%)

T total tenperature, (°R)

t static tenperature, (°R)

U velocity of blade wr at radius r, (£t/sec)



v absol ute afr velocity, (f£t/sec)

v air velocity relative to rotor, {(ft/sec)

W wei ght flowrate, (1b/sec) r

w+/8/8 Weight flow rate corrected to standard sea-level pressure
and tenperature, (1b/sec)

a angle of attack, (deg)

oy angl e of attack of isolated airfoil for zero lift, (deg)

B absolute Stagger angle, angle between conpreeeor axis and
absol ute air velocity, (deg)

g rel ative stagger angle, angle between compressor axis and
sir velooity relative to rotor, (deg)

7 rati o of specific heats (cp/cv)

AB turning angle (stator), (deg)

AR turning angle (rotor), (deg)

8 ratio of inlet total pressure to standard sea-level pPressure

LI adi abatic efficiency of conpreeeor

8 ratio of inlet total tenperature to standard sea-leve
temporature

) density, (slugs/cu ft)

o bl ade-el ement solidity, ratio of chord length to distance
bet ween adjacent bl ades

w absol ute angul ar vel ooity of bl ade, (radians/sec)

Subscripta:

0 inlet depression tank

1 inlet to rotor

2 inlet t 0 stator

NACA RM No. ESF30
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3 outlet of stator
av aver age
e referred to equival ent constant axial-velocity diagram
h hub
m referred to vector-nmean velocity
t tip
z axi a
e tangentia
COMPRESSOR DESIGH
Aerodynami c. - The first blade design to be Investigated in

t he 14-inch verieble-component axi al -fl ow conpressor rig was desi gn&
with a radial diatribution of velocity and pressure, aerodynemic.
limitaticn, and fl| ow assumpticns that wer e eimilar to t hose used in
the design of the fourth stage of the NACA eight-stage conpressor
(reference 1).

In this design procedure, 8 design velocity diagram was Set up
in which the velccities Were expressed as ratios of the tip speed.
In setting up this diagram the follow ng conditicns were assuned:

1.
2.

Constant tip diamster

Ratio of hub-to-tip dianeter at inlet to rotor blades
equal to 0.8

Ratio of axial velocity athub to tipspeed at inlet to rotor
equal t0 0.6 (selected to provide maximum power input for
hub-to-tip ratio of 0.6)

Vortex-type rotation added by rotor blades; value of change
in tangential conponent at hub set by oC. limitation

gf 8.77; rotation added by roter bl ades renoved by stator
ades

Symmetrical diagramat hub of rotor

o
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6. \Weel -type rotation added by inlet guide vanes; value of
tangential conponent added by -guide vanes at hub determ ned
by requirement of symmetrical di agram

7. Constant total enthalpy and no radial conponent of flow
assumed in calculating variation of axial velocity across
passage entering and |eaving each blade row, value of axial
velcoity conponent entering stator bl ades at hub determ ned
by setting Mach number at hub on stator bl ades equal to
Mach nunber at hub on preceding rotor blades

8. Paseage height at each station determned by continuity
requirement, wth compression process assuned to be
i sentropio

Actual wvelccities were obtained by setting the Mach nunmber of
the maxi mum air velccity relative to the blades equalto 0.7.

Cascade data wer e unavailable on t he NACA 5509- 34 airfoil
The follow ng relation, taken fram reference 2, was therefore used
to determ ne the blade-angle settings necessary to produce the
required turning angles

9=K(a.-o:0)

The val ue of X was taken as 0.9, and 8 value of -5.6"' obtained
from interpolation of isolated-airfoil teets, was used for the angle
of attack at zero |ift ay.

The RaCA 5509- 34 bl ade section was used for both rotor and
gtator blades, which were of constant section across the passage.
The coordinates Of t he NACA 5509- 34 bl ade section are presented
in table I, The guide vanes were formed with circular arc surfaces
faired intc an elliptical nose section. [Information concerning
design turning angles and angles of ettack for this blade design
are given In the follow ng table
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Blade row Radi us Design Desi gn Desi gn
(in.) stagger |turning | angle of

angle angle attack

(deg) (deg) (deg)

Qui de vanes: Tip=-7.00 0 31.61 | ==eeca--

40 bl ades 8 - 6.82 0 30.45 | ==ec=ee-
b - 6.47 0 28.36 | —===ca=a
¢c- 6.11 0 26.33 | =m=wee=-
d - 5.76 0 24.43 | =eceee--

Hub - 5.60 0 23.58 | ==m===--
(rotor |ead-
i ng edge)

NACA 5509- 34 Tip - 7.00 51.71 9.36 4. 86
airfoil sec- 8 - 6.82 50. 45 10. 44 6.00
tion: rotor; b - 6.47 48.01 12. 56 8. 38
29 bl ades c - 6.11 45. 50 14.75 10. 80

d - 576 43.04 16. 87 13.17
Hub - 5.60 41. 93 17. 85 14. 25
(rotor leed-

ing edge)

NACA 5509-34 Tip - 7.00 47.81 17. 25 13. 66
airfoil sec- a - 6.84 46. 75 17.04 13. 32
tion: b - 6.51 44. 87 16. 72 13.03
stator; c- 6.18 43.21 16. 60 12.91
30 bl ades d - 5.85 41,81 16.71 13.00

Hub - 5.70 41.21 16. 85 13.12
(stator

| eadi ng

edge)

»
Mechanical. - The mechanical features of the conpressor are

shown in figure 1.

The conpressor had a constant tip dianeter

of 14.00 inches and 8 hub dianeter that varied from 11.20 inches
at the | eading edge of the rotor blade to 11.72 inches at the trail-
distance between the trail-
ing edge cf one set of blades and the leading edge of the fol | ow
The cl earance between the rotor-

ing edge of the stator bl ade.

I ng set was approximately 0.5 inch.

The axi al

bl ade tips and the oonpressor casing was 0.020 inch,
cl earance between the stator bl ades and the conpressor hub was

0.010 inch

Thr ee spherically seated journa

wher eas,

t he

bearings and a

fixed-wedge-type thrust bearing were used on the rotor shaft. A

set of exit turning vanes was | ocated approxi mately 7 chord
| engt hs downstream™of the stator bl ades.

were designed to renove the remaining whirl conponent of the air

These turning vanes
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with its resulting radial pressure gradient before discharge into
the collector. An annular baffle wasprovided in the collector to
aid in providing 8uniform fl ow around its periphery.

APPARATUS AND METHODS

Apparatus

A sketch of the compressor setup is shown in figure 2. Two
225-horsepower dynsmometersmounted | n tandem were used to drive
t he compressor throught a 7.25:1 speed inoreaser. Air was taken in
directly fromthe roomthrough 8thin-plate orifice nounted in an
orifice tank and then passed through 8 notor-operated throttle valve
into a large depression tank. This tank was 4 feet in dianeter,
6 feetl ong, and contained 8 felt filter and a 3-by-3-inch honey-
conb to aid | n producing 8 snooth fl ow at the compresser inlet. The
tank sufficiently reduced the inlet-sir velocities that the compressor-
inlet pressure and temperature neasurements nade in the tank coul d
be assumed to be stagnation values. A bellmouth inlet was Used to
provide a smooth flow fromthe tank into the conpressor-inlet guide
vanes. The conpressor-di scharge eollector was connected to the |ab-
oratory exhaust systemthrough two exhaust pipes. A notor-driven
throttle valve was provided in the exhaust systemto vary the flow

through the conpressor. .

I nstrunentation .

Instrumentation was provi ded at the conpressor inlet and outlet
to nmeasure over-al |l compressor performance and between blade rowsto
measure i ndi vi dual bl ade-r ow performance. The four instrument sta-
tione are shown in figure 1. All neasurenments at stationps 1, 2,
and 3 were taken at four radial positions across the flow passage.
Allinstrunents were circumferentially | ocated in such 8 manner 8s
to be renoved from the wakes of upstream bl ades or instruments.

Station O waa | Ocated in the inlet depression tank. Because of
the size of this tank, the small existing velocities were neglected,
and pressure amd tenperature measurenents were assumedto be stag-
nation values. Tenperatures in the inlet depression tank were
measured by four thermocouple probes, each containing four thernocouples.
Two wall pressure t aps were used f Or pressure neasurenent.

Stations 1 and 2 were located approxi mately 1/5 chord length
before and after the rotor, respectively. Thetotal temperature was



NACA RM No, E8F30 9

assumed to be constant across the guildé vanes and across the stator
bl ades, so no temperatures were neasured at stations 1 and 2. Tota
pressures at each station were cbtained with 8 single total-pressure
rake simlar to that shown in figure 3(a). The variation in flow
angle from hub to tip at a given flow was ccnsidered to be suffi-
ciently small to permit the crientation cf the rake in the direction
ofthe flow in the center of the passage with negligible effect on
the accuracy of the total-pressure measurements at the other radia
positions. Because of the |imted space existing between the bl ade
rows, a special. type of mniature static-pressure survey tube

(fig. 3(b)) wase designed. These tubes were individually calibrated
with respect to Mach nunber. A single radial static-pressure survey
of four points was taken with one of these tubes at stations 1 and 2.
The orientation of all static-pressure tubes with the flow yaw angle
was accomplished by balancing t he pressures obtained fromseparate
static-pressure taps on each side of the instrument.

In addition, three wall static taps in the outside wall were
used. Flow angle neasurenents at each station were obtained from8
singl e radial survey With a claw tube simlar to that shown in fig-
ure 3(c).

Conpressor-outlet neasurenents were made at station 3, which was
located approxi mately 1 chord I ength downstream of the stator bl ades.
Total -tenperature nmeasurements were obtained from four rakes containing
four probe thernocouples each (fig. 3(d)). In order to permit the
neasurenent of the energy addition to the air by nmeans of the rise
i n total t enperat ure across t he compressor, a high degree cf accuracy
in the measurenent of the total-tenperature rise is required. For
this reason, t he thermccouples in the rakes at station 3 were con-
nected differentially with those at station 0 in such 8 manner 88
to measure a circumferentially averaged value of the temperature
rise across the conpressor at each of the four radii |ocated by
the four probes on each rake. Total-pressure measurenents were
obt ai ned from four 19-tube circumferential total - pressure rakes
(fig. 3(e)) distributed around the periphery of the conpressor
Each of these rakes was located at 8 different radial position and
was commected differentially to the inlet depression tank to give
a neasurement of the total-pressure rise across the conpressor at
each of four radtif.

Static pressure at station 3 was obtained froma single radial
survey takenwith a Prandtl type static-pressure tube shown in fig-
ure 3(f). In addition, three wall static-pressure taps were pro-
vided in both the outside and inside wall. Flow angles were
obtai ned by neans of a single radial survey with a claw tube
simlar to that used at stations 1 and 2



10

NACA RM No. ES8F30

Airflow t hrough the compressor was measured by a standard thin-

plate intake orifioe nounted in an orifice t ank.

Compressor speed

wag measured WM t hin £10 rpm with sprecision-type tachomster.

A sumary of the instrumentation used in the investigation ims
presented in the fol | owing table:

Station Radi al Meagurement | Instrument "{rcumfer-
neasuring mtial posi-
positions Lons

{(in.)
station 0, ceeeeeee= | Total pres- | Wall tap 2
Inlet tank sure
Total tem- Thermocouple 4
perature probe
Station 1, B - 6.82 Total pres- | Radial total-pressure 1
after guide | b - 6.47 gure rake
vanes c - 6.11 i
d - 5.76 Static pres-| Minlature 1
gure gtatic-pressure
awrvey
Wl | tap, outside wal | 3
Yaw angle Caw survey tube 1
Station 2, a - 6.64 Total . pres- | Radial total-pressure 1
afterrotor b - 6.51 sure rake
c - 6.18 . . )
d - 5.85 Static pres-| Mniature static- I
sure presaure eur vey
tube
Wall tap, outaide wal | 3
Yaw angl e Claﬁ eurvey tube 1
station 3, a - 6.66 Tot al pres- Circumferential 4
after stator|b - 6.57 sure total -preeeure rake
0 - 6.29
4 - 6.00 Stetic pres-| Static-preeeure survey 1
aure t ube
Wl | tap, inside wal | 3
V@l tap, outside wall 3
Total tem- Thermocoupl e rake 4
perature
Yaw angl e Caw survey tube 1
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Accuracy of Measurenents

Over-all performance nmeasurenents. - The accuracy with which
the over-all performance of the compressor may be expressedin
terns of total-pressure ratio and adiabatic efficiency depends
primarily upon the accuracy of the total-pressure measurements at
stations 0 and 3 and upon the mesasurement of the total-tenperature
rise between these two stations. The nethod used in neasuring the
total pressure at stations O amd 3 permts an accuracy wthin approxi-
mately£1 percent of the dymamic head. In order to obtain the
total-temperature i Se across the conpressor, 8 recovery coef-
ficient based on an average calibration curve of 8 group of therno-
coupl e probes wes applied to the observed temperature readi ngs.
Differences between the recovery coefficient of individual therno-
coupl es and the average calibration curve due to emal2 differences
in the construction may introduce 8 small error in the temperature
readi ngs. An oil. coating from bearing-oil leakage into the air
stream may al so change the thermocoupl e recovery coefficient suf-
ficiently to introduce an error in the temperature nmeasurements.
Wien these sources of errors are considered, it is estimted that
t he measurenents oftenperature rise across the compressor are
accurate to within approxi mately =3 percent of the stagnation
tenperature rise.

Bl ade-row performance measurenments. - The probl em of obtain-
i ng alr-flow neasurements between the bl ade rows was complicated
by space linmtations. At the closest points, the space between
bl ade rows, was approximately 1/2 i nch, which means that the act ual
neasurenents were taken within |ess than 1/4 ohord length ofthe
bl ades. This space linmtation not only necessitated the use of very
smal| pressure tubes with their attendant difficulties, but also
increased the possibility of an effect upon the measurements by the
fl ow disturbances generated. by the bl ades.

As a check on the accuracy of this instrunentation, the weight
fl ows obtained by integrating the quantity 2xpgVprdr across the

passage at stations 1, 2, and 3 were compared W th the weight flow
measured by the orifice. The percentage discrepancy between t he
integrated weight flowd at each station and the orifioe measured
wei ght flow are plotted as a function of weight flowin figure 4.

The variation in the error in integrated weight flow at
station 1 W th changes in flow for three speeds are presented in
figure 4(a). At this station, al2 the integrated weight flows
wer e within +4percent of the orifioe measured flows. No definite
relation seens to exist between the error in weight flow and the
wei ght flow 8s neasured by the orifice
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The variation in the error in integrated weight flow at sta-
tion 2 with changes in flow at the same three speeds are Fresented
infigure 4(b). At this station, the integrated weight flows vary
from about 4 percent above the orifice-nmeasured weight flow to
approxi mately 7 percent below.

The variation in the error in integrated weight flow at sta-
tion 3 with changes in flow at the three speeds are presented in fig-
ure 4(c). At nost points at this station, the integrated weight flow
was higher than the orifice-measured weight flow The error iIn
wei ght flow varied from approximately 13 to approximtely -3 percent
In general, the difference between the integrated weight flow and
the orifice measured weight flow decreased with increasing weight
flow,

Possi bl e causes for the |arge discrepancies between integrated
wei ght flows and the weight flow measured by the orifice may be
divided into three general categories: (1) differences between the
flow conditions prevailing in the conpressor and the uniformfl ow
existing in the tunnel in which the instrunents were calibrated
whi ch made the calibrations invalid, (2) existence of unneasured
radial -flow conponents, and (3) circunferential-flow variations
that may invalidate the application of measurenents nade at a
single circunferential position to the entire periphery of the
conpr essor

Calibrations of all pressure-measuring instruments were obt ai ned
under uniform steady-flow conditions. |n the compressor, t hese ideal -
flow conditions do not exist and the calibration therefore may not
be entirely accurate. Immediately downstreamof the rotor (station 2},
a fluctuating flow due to the wakes produced by the rotor blades
undoubtedlyexi sts. Becausethetotal -pressure instrunments under
fluctuating-flow conditions neasure the root-nean-square value of the
velocity fluctuation rather than the average value, an error is intro-
duced.. It is possible that these flow fluctuations will also affect
the accuracy ofthe static-pressure nmeasurenents.

Anot her flow condition that may cause an error in the static-
pressure measurements i s the presence of radial conponents of flow.
A sufficiently |arge component of flow across the short dinension
of the static-pressure tubes may cause an appreciable error in the
static-pressure neasurenent. The actual magnitude of this error is
unknown, however, as no neasurenents were nade of flew pitch angle
(angl e between the flow direction and the conpressor axis in a plane
through the axis and the neasuring point). Another error tending to

66
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cause a discrepancy between integrated weight flow and orifice
measured wei ght flowis introduced by the presence of radial com
ponents of flow inasmuch as the velocities cal cul ated from the pres-
sure nmeasurements were assumed to have no radial conponent. This
erroris smal |, however, as a pitch angle of 10° causes an approxi-
mate error of only 1.5 percent in the axial velocity.

Crcunferential variations in flow may be either a periodic
symetrical variation produced by the pressure fields or wakes set
up by the stationary blades, or an unsymmetrical variation around
the periphery of the conpressor. Wth the exception of the eircuwm-
ferential total -pressure rakes used. at station 3, &l flow measurenent
surveys were made at a Singl e circumferential position. An error
IS obviously introduced if the flow conditions at this polnt do not
represent an average condition. Al thoughthfs possible error could
not be evaluated., it is probably a primary factor in producing the
di screpanci es between the integrated weight flows and the weight flow
as measured. by the orifice.

The magni tude of the discrepancies existing between the inte-
grated weight flows at the various measuring stations and the weight
fl ow measured by the orifice makes it apparent that any Individua
bl ade-r ow performance results nust be treated with caution. |[If these
di screpancies are to be reduced in future investigetions, it appears
t hat circumferential surveys of all flow neasurenents nust be made
in order to detect and account for circunferential-flow variations
produced by individual blades. In addition, it 1s probably advisable
to provide some neans for detecting unsymmetrical flow variations
t hat may exi st around the conpressor periphery. Some proviSion
for the neasurenent of filow pitch angle al so appears to be desirable.

Met hods of Investigation

During the investigation, the absolute pressure in the inlet
tank was maintained at 25 Inches of mercury by throttling through
the inlet valve. The weight flow was varied in approximetely equal
increnments by varying the compressor back pressure with the outlet
throttle. Runs were nade at corrected rotor speeds N/« 6 of 7265,
11,500, and 14,530 rpm, corresponding to approxi mately one-half,
three-quarters, and full design speed, respectively. The range of
Reynol ds numbers covered during t he investigation, based on bl ade
chord, was approxi mately 250,000 to 500,000,and t he Mach number of
the flowrelative to the blades varied fromapproximately 0.2 to
0.76.
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Met hods of Rating

Tot al - pressure ratio, = The total-pressure ratio used in this
investigation Is the average preasure ratio that woul d be obtained
Wi th an isemtropiec power input to the neasured total air flow equal
to the actual isentropic power imput integrated over the flow passage

It 4s cal cul ated by means of a mechani cal
ing equation

. [{e]
integration of the follow- 3
y-1 7
r'b,.'.') 7 y=1
P
(53: - 1| pgV, zrar
P 4]
-§- nﬁ rhls + 1]
PO av
Ts,3
psvz’srdr
L Th,3

——

Adi abatic efficiency. = The adiabatic efficiency used in eval uat-
i ng t he compressor performance i s based on the total-tenperature rise
across the conpressor and i s defined by the equation

H
ad
'I']ad=q—-—

B

The adiabatic work input per pound of air is Hpgq and is cal -
cul at ed from the equation

!
H . = Jo_T (fé) 7 1
ad p O Po -

The actual work input perpound ofair, as measured by the
total -tenperature rise across the compressor,is Hp- It is obtained
from a nmechanical integration of the follow ng equation:
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t,3
0 (Ts - TO) pa¥y sTdr
Tn,3

Jc

By =
*t,3
psvz’srdr

Th,3

Another nethod that was available to calculate the actual work
input i nvol ves the determ nation ofthe change i n angular nonentum

of the flow across the rotor. This guantity can beobtained from
the equation

ry,2 . 5,1 .
v, oV _rfar
6,2°2 22" Vg,1P17y 1% 0T
my - 2| ka2 i
g
t,2 5,1
vV _rar v _rar
Pa'e,2 Prl2,1
I
b,2 o Fn,1 n

A comparigon of the work inputdetermned by this method with
the work input cal cul ated from t he total-temperature ri se 1a shown in
figure 5. In npst cases, H, ielowerthan FH,. The maximm dif-

ference between the curves varies from approximately 22 percent at
design speed to approximately 16 percent at one-half design speed.

Because of the previously noted discrepancies between the inte-
grated wei ght flows using the flcw neasurenents at the various measur-
Ing stations tithe orifice measured weight flows, By was not con-

sidered to be as accurate as Hp. For this reason, the efficiencies
were calculated on a total -tenperature-rise basis.
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RESULTS AND DISCUSSION

The data obtained at the three rotor speeds are presented in
table Il

Over-all Performance

The over-al |l performance of the compressor is presented. in fig-
ure 6 as curves of total-pressure ratio and adi abatic temperatuxre-
rise efficiency against equivalent weight flow.

At design speed, a peak total-pressure ratio of 1.262 was obtai ned
at an efficiency of 0.64 and an equival ent weight flow of 10.50 pounds
per second. Design value for the total-pressure ratio was1.210 at
an equival ent weight flow of 13.45 pounds per secomd, based on an
i sentropi c conpression process. Because of restrictions in the
exhaust system the maximum corrected weight flow obtained during the
performance tests was 13.25 pounds per second. Wth an efficiency
of 0.71 obtained by extrapolating the efficiency curve t0 the
design weight flow, the design pressure ratio would be 1.146 as com-
pared to an actual value of 1.140 obtained by extrapolating the
pressure-ratio curve to the design weight flow

The peak adiabatic tenperature-rise efficiency at design speed
was 0.84 and was obtained at approximately the sane weight flow for
whi ch the maximum pressure ratio was obtained. The peak efficiency
increased to 0.92 at one-half design speed (7265 rpm). These effi -
ciencies were obtained with inter&uge instrumentation in place.
Check runs nmade with thi s instrumentation removed showed an increase
in efficiency varying between 1 and 3 percent over the upper half of
the flow range at the three speeds

Wien the absol ute values of the adiabatic tenperature-rise effi-
ciency are considered, it should be remembered that these values are
based on a power input determined from a measurement Of the total-
tenperature rise across the compressor. Because the temperature rise
across a single-stage axial-flow compressor is small, ofthe order of
magnitude of the stagnation-tenperature rise, asnall error in the
tenperature neasurement may introduce an appreciable errorin the
ef f1ciency.

Bl ade- Row Performance

Pressure rise in a blade rowis a function of turning inparted
to the air, or blade loading. The performance of rotor and stator



NACA RM No. ES8F30 17

bl ade rows is presented in figures 7 to 9 on the basis of three dif-
ferent nmeasures of blade loading. Im figures 7(a) and 7(b), a pl ot of
turning angl e against angle of attack is presented for the rotor and
stator,respectively. For this plot, an equivalent constent axial-
velocity diagram (shown with dotted lines in fig. 10) was used to
obtain values of turning angle and angle of attack. This nethod is

the method used in reference 3 to obtain correlation between turning
angl es obtained in a variable axial-velocity three-di mensional cascade
ad turning angl es obtained i n a const ant axial-velocity two-dimensional
cascade.

Curves are plotted in figures 7 to 9 for four different radii at
three speeds. The effect of speed on the turning angle appears to be
very small. |t should be noted that because the variation in angle
of attack was obtained by varying the flow, the air stagger angle
did not remain constant. Any effect of the air stagger angle on turn-
i ng angl e willtherefore al SO appear in these curves. Reference 4
indi cates that the value of Ein the expression 6 = K(a -
varies appreciably with changes in stagger angle and solidity.

The design point at each radius is also indicated. At the
design angle of attack on the rotor, the measured turning angle at
all radial positions except d were within 1° of the design turn-
ing angle predicted by the equation

=009 (a-=gag)

For the stator bl ades, the design turning angles were within 3° of
the neasured turning angles with the exception of the radial position
near the hub where the measured turning angle was 7° |ower than the
design val ue.

Curves of 0C; egainst an entering-air angle of attack based on
the velocity vectors vy and V5 (fig. 10) for the rotor amd stator

are plotted in figures 8(a) and 8(b), respectively. Drag forces were .
negl ected in cal culating the values of cCy and the [ift forcewas

assumed to be normal to the nean relative velocity vectors v'_ and
Vm for the rotor and the stator, respectively. The val ues ofnocL
were cal cul ated from the equations

2aV'y

V’I

(rotor)

oCy, =

m

2AV
e
OCy, = —V: (stator)
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In figures 9(a) anmd 9(b) are plotted curves of a | oadi ng fac=

tor Av'eﬁ'z,m agai nst V's,m/v'z,m for the rotor and of ”e/vz,m
agai nst Vg /V, 5 for the stator.

SUMMARY OF RESULTS

As a result of the investigation conducted to study the perform-
ance of a single-stage axial-fl ow ocmpressor using bl ades with an
RACA 5509-34 airfoil section, the followng results were obtained:

1. At design speed, a maximum total-pressure ratio of 1.262 and
a meximum adi abatic efficiency of 0.84 were obtained at an equi val ent
wei ght flow of 10.50 pounds per second.

2. The measured turning angles across the rotor at all radlal
positions except near the hub were within 1° of the design turning
angles at the design angles of attack. For the stator bl ades, the
design turning angles were within 3° of the measured turning angles
with the exception of the radial position near the hub where the
measured turning angle was 7° | owert hant he deaign valus.

Lewis Flight Propulsion Laboratory,
Nati onal . Advisory Coomittee f ar Aeronautics,
d evel and, Ohio.
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TABLE 1.

- SECTI ON COORDINATES OF NACA 5509-34 BLADE SECTION

UPPER SURFACE LOWER SURFACE
X Y X Y
0.00 0.00 0.60 0.00
1.03 1.23 1.47 -.41
2.2' I.gs 2-79 -.49
4.64 3.13 5.36 -.54
7-'0 4." 7.90 "-52
9.58 4.94 10.42 -.47
‘4.58 6.36 l5.42 -033
'9.6' 7.45 20.39 ~e ‘5
29.73 8.95 30.27 .27
39.88 9.68 40. 12 .69
50.04 9.76 49,96 1.02
60.19 8.23 59.81 1.26
70.30 8.05 69.70 .35
80.38 6.13 79.62 1.20
80.28 3.31 89.72 .56
95. 16 1.68 94.84 . 18
'00.00 .09 IO0.00 ".09 '
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TADLE 1| = SARMARY OF PERFMMARCE DATA OF J4-INCH SINGLE-STAGE AXIAL-FLON COMPRESHOS USING MACA OIXIU-34 BLADE SECTION

Station D Station | Station 2 Statden 3
Eulvalmt [Badlai [Fremoure|Tompors-|tadlws|dctunl |Total |Statle Actoal [Total  [Statlc [ota’ |Flow [Absaivts[Fsdiws[Total [Stailo [total | Flow [AMsivte
wa|oght flow|pesitioa|p=F [ture {in.) |blade |pressars! pressurs. blwde |presmurs|prepasra [tempars-{eagle{air ° |(In.) |pressere aroacers |tenpara=|englefelr
{orifica) By jt=T apepd  |P p apasd [P P tars, T |[#2 |veloclty, P o tare, T by [valocity
R abe.) (oR} [ft/eac)|(In. Ho |(12. Hp (ft/omc)({fn. o fCln. Mg | (OR) [(deg)|((t/amec) (in. He Kin. Bg | (M) |(deg}|{ft/mec)
(1b/nec) abe.}  ahs.) ata.)  Jabs.) abs.)  |abe,)
14,5 rvm (deslom)
18.99 » 24,80 | 52,2 | 0,82 | gA2.A | 2482 | 20,44 | 8422 [26,06| M7 [ 8.04 | 0060 | H.42 (287 |79 [4.73| 23 | 6.6 | .43 | 2.2
b 8.47 | 697.7 | 24,80 | 20.9 ehes| 6. (881 | 9430 | .06 ] 286 (Mo |0.78 7180 [0 | m.z | n¢
il [ mee | 2488 20.18 aM.on) 80,0 | 8,08 | 802.0 | #9.80 | 22.46 |79 W25 745 | 8.59 | 25.28 | 2108
6,78 | 7e8.0) p4.m | 19,01 | 275/ 017.0 | 688 | 760.4 | so.84 | 22.21 | m2.7 |an.75] et | 0.00 | e Im.w
.29 B84 | 8.82 [ 060.6 | #4.80 | 22.07 | 646,4 |24.76) 8.1 | 0.0 . L8 [ R0 (8,8 ek (EE | TR0 |
C - n B.47 | B40,4 | 24,99 | 21,04 24.75( 0.5 [8.51 | e40.6 | 3185 | 2. | 0.4 [47.25) 0018 | 057 | 3.0 | AR
e 01| mMe2 | 440 | 2178 24,75\ m3.6 | 8,8 | 9048 | 2040 |08.z3 |mare 428 .7 |02 | 3.4 |
i B.78 | 74,4 2L @5 4.4 |8, 700.0 | al.b4 |80 | 8085 |.75[ 607.1 | 0.0 | .m0 | a7t
W.42 . 25,00 | 540.4 [ 6.B2 | DOO.0| B4 | ZLO6 | O4B.4 [24.75] 432.4 | 6,04 | 889.2 | 01 [ 2.0 | BA,T (600 825 |68 | AW |#.TF |
. 847 | 8406 | 2490 | 22.33 24.75| am,7 | 6.8 | aq7.0 | s2.4l |2z |oess w25 mas |8F | 3. |27
e 81| 5.8 | 2400 | 22,21 24.78( 47,8 [ 0.8 | 8040 | 30,00 | 27,07 | 8.8 |®.8 mne | 6@ | 3184 |24
d 48.8 | 24,84 | 22,18 2.5/ 40,6 |5.85 | 2.2 | 3202 | 20.00 | %0.7 |®.75) .0 | 500 | 33 | 7.M
9,52 ] 25,00 | 54,3 | 6.82 | €0R.5 | £4.06 | 23.04 | 644.3 |26.26] 6.7 | 084 | WD | R.IT | F.1Z | Ba. 0 [B.45 B | EE L
b f.47 | B37.7 | 2499 2288 ®.26( 44.3 | 0.8) | 943,09 | 32,40 | 7.2 | 9.5 [mNe8| %008 | 8% | 3.3 | 27,72
3 4108 | 8.18 | @020 | M3ER | Z7.2f | MOO.1 |®0.7B( Dod,m (6.2 | 2109 | 2.5
4 | 4i8.3 |68 | 8.4 ] 2.7.097.10 | 069.2 |%.20) e85 | 8.0 | 31.06 | 7.5
a.72 [ 34,0 |6.04 | w0 | &5 | M6 | mma [72.76| 69 (000 | 2.4 | .70
. 3.3 [o.0t | ed0 | 2200 |80 | D619 |e6.z8| G025 |6.87 | @24 |27
e 379.9 |66 | 203.0 | 6 | 200 | BN (D0.05] 607.8 &g 3100 | 7.4
n .7 _| B 75,4 L8 | 27,00 | fe0.3 4,25 2.4 %.7) | 2.4
B.44 a .1 | 0.54 ﬁ.ﬂ g.ﬂ .05 2[R Fe] & ﬁ T
» l.4 | 8.5 | 8400 31,80 8.8 | mf.. (W55 08 . 0.3 | Z.40
- e x7.4 |80 | 2080 2w [;ed | wid |5.75| 6175 |8 | mea |Z.m
" Freiy 2 %08 | o0 %@JMJ 0.0 | w4 |7
6.10 - 08.2 | 8.84 | 897.0 | G0.EZ | 28.66 | 03,0 [74.70| 048,2 | 586 | TH.00 .
» SH7.1 |6.80 | 8480 | 308 | A% [0 [%.75] W02 [ 8.0 | .2 | 2.4
] 0.7 |68 | 9030 | 39.05 | 28.81 | 000.6 (5120|6288 ::g e | 2.2
d .8 | 8ol .48 | 2808 | %00,7 |.25] com. 1 30.24 | 2.%
TR0 | 28,6 15,54 Lg'ﬂ‘ TR [ TR |58 | wa e
L] 3730 |88 | Ba6.0 (| .00 [20.56 |o0a0 [sa7m| 74 |60 | M@ | 2.3
¢ .2 |68 | 808.0 | 2.4 |76 |18 [e7e| 0177 |82 | W | A
8 §48.0 204 | 2% | 200 [mee.4 |47 e0s.c | 8.00 | e [T
Equivalent rotor apasd, 11,800 rom
11,83 a .0 | sa.8 R ESAE
b me.s (6,51 | seos | 21
c me.d {a.8 | as.i |
" ] Big.9 | 0,88 %H %g
10.83 Y #5.00 | Bat.0 0.0 | 684 1 X
i . e.8 |86 | sms| B0
; ¢ 4237 |8.18 | 8385 | 28.04
: ] | 47,7 L 6,80 | 904.9
0.2 ) 29.00 | 5442 AR, 0.84 | 7027 | .23
[ M. 0| e e
< i wh a8 88, A%
P H 8046 | .05
. s ' ' .

[~

*ON WY ¥OVN

0¢483
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0.0 [ 26.00 | 546,8 | O.BC | 700,60 | 2407 [ 22.70 | BMA.E [2476[ 410,80 | 8,84 | 7081 | 06.09 | 26,00 | 670.8 [dB.H| 419.7 nﬂ"{"ﬁ.!
b 6,47 | 8648 | 24.90 | 2248 20,56 | 4.0 | 0,60 | 080.8 | £5.60 [24.80 | 50.7 [ad.25| 500 |68 | m.06
c 6.1 | #20,1 | 24,00 | 2. ?'I.;b 42,7 |88 | oo | 20,73 | 24,00 {089 |44.20| 5.2 || 2.4
. ¢ 5.7 | mr) | M| 2.4 1836|408 |gao | 6010 | 2.5 [24.80 | w2 |a2,75| bev0 |6.00 | 0,06
YT a 20.00 | 845,0 | O.B2 | 700,2 | 24.80 | m,@ | 88,0 |23,75|33F.F [e.04 | 7027 | 2,11 |2 6.7 (W] A 6| 8T
. b 6.47 | o044 | 2408 | @m0 26,05) %98 | 8,5 | 680.4 | .08 | 2857 | Me.6 (a8.45]| s12.3 |e.67 | .81
¢ 6.1 | ey | £4.08 ]| 270 2,75 a2 | 6@ gﬂ.ﬂl a.: 25.3 ®e,0 u.;u we,7 |60 | 20.0%
g Ll W7 | 2] Sl | E.80 [ 601 2 28 oW, |a3,76| a.b _g%%
8,82 [ $8.00 | 8461 | 6.22 [ %00.2 | 2400 [ 2,08 | 0%8.1 [24,28] 367.6 | B.84 | 702.7 | .52 | 26.64 | 530 E‘é‘ 1.2 .
[ 8.47 | 004,4 | £4.900 | .14 24,750 876,4 |e,m | O080,4| £0.13 | 25.680 | a8 [47.40| a7 | 0.0r | @02
a a0l | 68,7 | 2480 | A0 .20 088,) |e.6 | &m0 | £9.04 | 280 | 87,8 [47.25) 0.6 |o.29 | 9,08
P 8 gt | auER] @09 | eon | o0).8 0t | 257 | 2.9 (4825 2_|6.00 ot
8.28 1 070 | BAB.A | 882 | 700,28 | @a8i| 3.8 | G454 [24.78] 31,4 | 0.84 | 02,7 | w57 | B1a |80 [RETE| ;E"‘.a LEANERT
b 847 [ 6844 | 24.00 | B.44 24,76] 3440 | 8,01 | o604 | £0.14 | 26,0 | E2.0 (40,75 abo.4 |07 | 20,43
& 8,11 | 8@.7 | o400 | 28.41 2425|3478 | 5.18 | 8,1 | 2099 26,20 |4 (4,78 43,7 |0,%0 | 29,14
] 5.791 W17 | 24881 30,3 22,70 | SoL0 | 29 | | 474,1 | 6.00 [ 28,04
7,67 [ 20,00 | B4B.4 | 6,82 | 700,2 | 2401 | @886 | 46,4 |24.76] 383,80 | 6.84 | a7 | 2.3 | 28,20 | &2 L IBEND
: » 8.47 | o6d.4 | 824.00 | 22.80 24,76/ 301,7 | 0.5 | o4 20,44 | 98010 | W2 8.0 | m.08
c 8,01 | 8m,7 | 2400 | ease 24,88) 31,4 :';Bn 83,1 | 20.00 | 88,22 | 8742 .28 A7
] Al 9,7 | MElE.04 | | 3888 ) 5| 0.2 |58 6.00 | .00
7.03 ' 20,00 | 0B | 8.82°| 7002 | .62 | a4.00 | BdG.2 | 26.06] 20,7 | 8, %‘ﬁ"%m‘ [T, | TB | m.4t |
» B.47 | 684,4 | 24,09 | @08 o028 a5 | 6.8 | am4| 2.2 | 2504 | 6788 '6.57 | 8,00
e o1 | em7| 24,00 | B 24.20) 26,8 | e8| oot | 2,78 00,04 |80 6.9 | 20,08
d b.76 | M7 | 2408 | 2,76 2,740 | ea8 | sos.8| .60 | 280 | B4 800 | =7
Eeulvalant retor spaed, 7,285 rpa
8,27 ] 2402 | 6410 | 882 | 0.0 [ 2489 | 20,40 | B4bO |24.26| 308 | 8,04 6.60 | @0.i0 |52.03 | Bad.s
» &.47 | 4178 [ 24,00 | 28,37 .75 | 341.7 | 8.8 8,57 .43 | 22,08 | B47,0
e 8.1t | 8. | 240 | 22.20 p4,35| 3.0 | 8,18 6.20 | et.40 | 208 |B.7
8 .78 | 319 | 2488 26 2.9 3.8 | 6.08 0,00 .40 | 2,08 | BT,
7.4l 2.0] | D0 | 8.82 | 441.7 | 24,06 . EE N EE Y N X TR T ]
» 8.47 | 419.2 | 2800 | 877 4,20 08,0 | 8.6 6.57 | 26,00 [ 2407 | meo,E
¢ 81| a8 =00 23,04 24,28| 20,8 | 8,18 620 | 20,00 | 24,08 | B.D
d 08| %3] 2407 | o8y 22,08)318,4 | 006 8,00 28,70 | 24,01 | B9
1.1 (= T | TEG (S a0 e B | Ee e 2an | A LE P T T
» 6.47 | am,4| 24.00 | 29,09 24.p5| 2920 | B.BI 6,0 | m.m | M8 |M1A
g :.; 2.5 | 24.08 | £3.01 24,25 28,0 | 8.8 6.20 | 20,29 (a8 | ENILD
N L] —_ |_24.88 | 28,00 =] 6,00 | on,08 | 24,83 | & 0
6% : 7 |58 [BRT aT oar Taa R A B
» 047 | 48| 24,08 | 2407 24,00 | 2837 | 8.0 6.5 | =, | 0405 |68
¢ 801 | are| 2408 | R4.04 05| o7, | 8,08 6,00 | 20,0 2408 |om.0
—_ | A | 8,70 | 3730} o468 | 23.00 | 6.00 | 20.23 g2 | BG2B
5.7 : B0 | TS O R M| o el [ 5a3 s oo o B4 [ [ 5
" BA7 | a4 | 24009 | 24,90 24,08 | 28,0 | 6.8 6,07 | 08 (P23 | 5ES.4
0 :_:‘; %00 | M09 | 04,24 n,78| z8.7 | 8.18 6.0 | o850 | 8,38 |ss30
—_— | : .0 1 04,07 !4.5 2.0 ig.a 5,80 6.00
8.0 a 2,00 (3.5 [ 5,8 | sl.0| 24,00 | o4, B F |24.a8]162,4 | O.54 | 13r"§ﬁf " {ﬁ%ﬂ
[] 8,47 4Md| 2408 | 2443 24.25| 20010 | 0.5 6.7 | w0 | 2067 |BB4,8
¢ ?n g% 24.00 | 84.% a6 21,8 | 8,00 6,20 | ga.8% | 2847 | ABd.D
g A L] 2450 | 24 1 LE: ] 8.00 B8
4.0d . 4.5 (a8 u.g 44,5 | 24,08 [ a4, 0438 %u ERILEN W‘%‘%"‘ﬁ'ﬂ_ﬁo—
] 0,47 [ 40,0 | 24.00 | 24,85 24,06| 1825 | @.4 6,67 | a.o0 | 25,88 | 80,8
¢ 8,11 | x0.4| 24,00 | B4, 48 276 | w7 | 6g 6,20 | .63 |80.00 |8am2
—_ 4 —_— Jﬁ%,ﬂLL_HﬂLJLu .9, | 6.00
4,% 2 26.00 | 394 |0 e[ .03 482 | 628 [24.75[ 4802 | 0.84 6,80 | £8.43 "&ﬁ—%ﬁ—
1 0,47 i 4164 | 24.90 | 24,20 24,78| 177,83 | 0.6) 8.7 | 20,00 |mee |20
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Station Location
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Figure 1. - Crossg-sectional view of compressor showing
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Flgares 2. - Experimental setup for aingle-stage axial-flow compreasor,
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Difference, percentage orifico weight flow

NACA RM No. EBF30

' Equi‘valer%t WI '
rotor speed,
N/Y®, rpm

0 14,530
" Qa 14,500
A 7,285
~O—
'\A/&/ \\4/
.(a) Station I, after guide vanes.
D\ﬁ
| A 4 ) J= <\o/
~A] \3\\D——D‘
(b} Station 2, after rotor.
P
\
] h\)ﬁ \\
ANENE -
| .
~1 Za ‘
4 5 8 7 W, 9 10 I

Orifice weight flow, Ib/sec

{c) Station 3, after stator.

Figure 4. - Difference between integrated weight flows at three measuring
stations and orifice weight flow expressed In percentage of orifice weight
flow.



NACA RM No. ESF30 -

Work input per pound, ft-1b/1b
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Figure 5. — Comparison of two methods of measuring

work input to air.
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Figure 6. = Over-all performance of a I4-~inch
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