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E\{VESTIGATION OF AN AXTAL-FLOW-COMPFRESSOR ROTOR WITH
CIRCULAR-~ARC BLADES COPERATING UP TO A ROTOR-
INLET RETATIVE MACH NUMBER OF 1.22

By Willism H. Robbins and Frederick W. Glaser

P

SUMMARY

A l4-inch-diameter axisgl-flow-compressor rotor with a hub-tip
diasmeter ratio of 0.50 was designed and operated {o investigate the
blade~element charscteristics as well as the over ,all performa.nce of a
gset of clrcular-arc rotor blades operating over a. 3&.;1ge -of inlet rela-
tive Mach number from 0.40 to 0.82-with the inlet de vanes installed
and from 0.44 to 1.22 with the guide vanes removed, At design tip speed
of 1120 feet per second, a peak\;pré"s‘.swe ratio of'1.277 was reached at
an efficiency of 0.85 and an eqq;galent welght flow of 23.75 pounds per
second for the rotor with gulde ‘vanes. A meximum design-speed effi-
clency of 0.905 was obteined at a welght flow of 28.18 and a pressure
ratio of 1.186. At an equivaelent tip speed of 1000 feet per second,
which was consldered to be the best operating speed for the rotor with-
out guide vanes, a peak pressure ratio of 1.297 was reached at an equiva-
lent weight flow of 32.30 pounds per second and an efficiency of 0.89.

A peak efficilency of 0.895 was reached at an equivalent weight flow of
33.60 pounds per second and & pressure ratio of 1,.276.

In both investigations, it was possible to operate over a wide range
of incidence angle st =211 radisl positions with no large losses except
at the blade tip., The optimm - incidence angle appesred to increase as
Mach number increased. At the design angle of incidence, the design
turning-angle rule predicts accurately the turning at all radisl posi-
tions except the hub section. At the hub, slight underturning resulted.
In addition, the turning angle was not affected by Mach number over the
range of Mach nmumber investigated. LY AN

The design assumption of simple radial equilibrium proved to be
relatively accurate, in that reasonsbly good checks of calculsted and
measured axial veloclty were obtained. However, when the entropy-
gradient term was included in the radial equilibrium calculation, there
was better esgreement between the messured dats and celculasted values of
axlal velocity.
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In the rotor without gulde vanes, at a tip speed of 1120 feet per
second there were Indications that the limiting relative Mach number,
which was determined to be between 1.10 and 1.20, had been exceeded.
Therefore, the over-all peak efficlency was reduced approximately 7 per-
cent in this range of Mach number,

INTRODUCTION

In order to improve the performance of the axiasl-flow-compressor
component of eircreft gas-turbine power plents, efforts are being made
to decrease its size and weight (for a constent mass flow) without
sacrificing 1ts 1nherently high efficilency. Therefore, compressor
designs are desirable which utlilize high pressure ratio per stage and
high weight flow per unit frontal area without sacrifice to compressor
efficiency and range of efficient weight flow. It 1s possible to
Increase the axial wveloeity (which represents & gain in weight flow per
unit frontal area) and the compressor pressure ratio, if the relative
entrance compressor Mach number can be increased wlthout lncurring
serious internal flow losses.

Most commercial compressor designs incorporate conventional sub-
gonic compreasor blading that is limited to relatively low Mach numbers
(up to approximetely 0.75) because of the complicetions that erise as
the local velocities on the blade surfaces approech the speed of sound.
In an effort to find an airfoll with e profile shape suitable for effi-
clent operation at higher inlet Mach numbers, some two-dimensionsl cas-
cade data were obtained on numerous airfoils with various profile shapes
(ref. 1). The cascade results indicate that e circular-src airfoil
eppeers promlsing at high subsonic Mach numbers. The airfoil consists
of circulsr-arc pressure and guction surfaces of different radii. The
canber and thickness may be adjusted to any presecribed value by chang-
ing the radius of the pressure-surface or the suction-surface arcs, or
both.

In view of these results (ref. 1), an axisl-flow-compressor rotor
with circular-asrc blades was designed to operate at a relative inlet
Mech nunmber of spproximately 0.8, and an investigation wes made to
determine the range of conditions over which the circuler-src airfoil
would operate satisfactorily, as well as the three~dimensional flow
effects on the performesnce of the rotor. In addition, the validity of
the velocity-diagram procedure used in the design was determined.

The results of reference 2 indicate that an axial-flow-compressor
rotor with similer blading could be operated efficiently at transonic
Mach numbers (0.8 to 1.1). Since the rotor deseribed in reference 2 had
a lower aspect ratio and a higher solidity than those normelly associ-
ated wilth commercial compressor designs, the present rotor blade design,
which has conventional aspect ratio and solidity, was investigated up

e
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to Mach numbers in the transonic renge by removing the sheet-metal
inlet guide vanes. The present report, therefore, discusses the per-
formance of the circular-arc blade rotor operating over s range of Mach
number with the inlet guide vanes instslled and with the guide vanes
removed.

COMPRESSOR DESIGN
Velocity-Diagrem Calculation

Since the highest Mach number in an axial-flow compressor usually
occurs at the compressor inlet, the design was made for a typical inlet
stage (hub-tip diameter ratio, 0.50). Reference 3 was used as the basis
for choosing the design velocity distributions. Results of the analyses
of reference 3 indicate that a "wheel-plus-vortex" design (a design
that establishes a wheel-type rotation through the guide vanes and a
vortex or constant energy addition radially through the rotor) results
in a design point with high pressure ratio and high mass flow for a
given rotor relative Mach number limitation (Mi approximately equal to

0.8). The velocity dlagrams were calculsted on the basls of the follow-
ing assumptions:

1. Constant tip diameter (rp = 14 in.)

2. Constant total enthaipy from hub to tip

3. Simple radial equilibrium of pressure and no radial flow
1ep Vol
pdr T

4. Rotor efficiency equal to 0.90

5. Wheel-type rotation through inlet guide vanes (Vg = Kr)

6. Constant or vortex energy addition through rotor
(Ve,l - Vg’z = K/I‘)

7. Rotor Mach number limit M]'_ equal to epproximately 0.8

The rotor (when operating with inlet guilde vanes) selected for this
investigation had a design equivalent tip speed of 1120 feet per second
and a design total-pressure ratio of 1.227 at an equivalent weight flow
of 28.08 pounds per second. No area allowance was made for flow block-
age caused by boundary-layer growth. Typical design velocity disgrams
are shown in figure 1. The rotor in operation without inlet guide wvanes
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does not have any specific design point, because it was not designed to
operate under these conditions. However, the knowledge of the effects
of operation at transonic relative Mach numbers to be gained by removal
of the guide vanes was consldered to be of sufficient importance to
warrant the investigation, even though it would be necessary to tolerate
& large varlation of Incldence angle from hub to tip.

Blade Design

The gulde vanes were 0,080-inch-thick sheet-metal blades having a
circular-src camber line with constant radius of curvature. The desired
turning-angle distribution was obtained by varying the chord length
from hub to tip. The gulde vanes were designed on the basis of refer-
ence 4 in conjunction with reference 5. The guide-vane geometry is pre-
sented in table I.

A typical rotor blade section is shown in figure 2. Since complete
cascade data on the ecirculasr-arc airfoil covering a range of solidities
and inlet flow angles were not avalleble, blade canmbers and blade-angle
settings were determined from an empirical deviatlon-angle rule described
in reference 6. The deviation angle determined from this rule for
circular-src camber lines 1s given by:

A = mPal/o (1)

The symbols used in this report are presented in the appendix.
This equatlon, which was derived for two-dimensional cascades, is valid
only for nominal incidence angle, which is defined as the incidence
angle where the turning angle is 0.8 of 1its meximum or stall value,
Since devistion angle varies only slightly with incidence angle in the
stall-free range of the blade, this rule was spplied in this design at
an incidence angle of 2°, which was chosen on the basis of reference 1
to be the incidence angle for minimum drag. The lncidence angle for
minimum drag is termed optimm incidence angle throughout this report.
A trial-and-error solution of equation (1) was necessary to compute the
required camber angle and blade-setting angle from the specified turning
angle and angle of incidence, The blade maximum thickness varied from
10 percent of chord at the hub to 5 percent at the tip. The chord length
was 1,50 inches, The rotor blade geometry is presented in taeble IIX.

APPARATUS, INSTRUMENTATION, AND PROCEDURE
Compressor Installastion

A schematic diagram of the compressor lnstallation is shown in fig-
ure 3. Power was supplled to the compressor by a 1500-horsepower

GONEECERZTAT "
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dynamometer through a speed-increaser gearbox. Room air was drawn
through a thin-plate sharp-edged orifice into an orifice tenk. It then
passed into a depression tank and into the compressor through & bell-
mouth at the depresslon-tank exit, The air passed from the compressor
into a collector and was dilscharged into the laborstory altitude exhsust
system.

Instrumentation

Alr flow through the compressor was measured by means of the sharp-
edged, thin-plate orifice, The pressure drop across the orifice was
indiceted on a U-tube water manometer, and the room temperature was
measured by means of four thermocouples located Just ahead of the orifice
tank,

Messuring stetion O, which is shown in figure 4, was located in the
depression tank, Temperatures in the tank were measured by three bare-
wire thermocouples. TFour wall taps were used to measure pressure,

Since the ailr velocities in the depression tank were very low, mesasured
pressures and temperatures were taken to be stagnatlon wvalues.

Station 1 was located 1/2 inch behind the guide vanes. Preliminary
circumferentlal surveys of total pressure were taken behlnd the guide
vanes in order to find the position of the guide-vane wakes and the mag-
nitude of the associated losses. Radial surveys of total pressure,
static pressure, and flow engle were then made in the wake-free region
of the annulus at five equally spaced points., TIn addition, wall static-
pressure taps were provided at the compressor tip. The total tempera-
ture at station 1 was assumed to be equal to the depression-tank total
temperature. When the guide vanes were removed, no surveys were taken
at station 1. Inlet conditions were determined from the wall static
teps and the depression-tank pressure.and temperature measurements,

Station 2 was located 1/2 inch behind the rotor blades. In pre-
liminery runs, it was noted that the inlet-guide-vane wakes could be
pilcked up behind the rotor row., Because these gulde-vane wakes extended
over e large portion of the clrcumference at the station behind the
rotor, it was lmpossible to locate the instrumentation so as to com-
pletely avoid measuring in these regions. The indications were, how-
ever, that the wakes had mixed sufficiently so that there were no lsrge
circumferential gradients of £low behind the rotor due to the gulde-vane
wakes, Therefore, 1t is believed that the data teken at station 2
represent the combined performance of the inlet gulde vanes and the
rotor row, even though complete circumferential surveys over a guide-
vane passage were not taken at this station. The measurements taken st
station 2 were radisl surveys of total pressure, statlc pressure, and
flow angle. In addition, three five-tip spike-type thermocouple rakes

SounNENRge-.
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were placed at three clrcumferentiasl positions in the compressor casing.
These thermocouples were .connected so that it was possible to read the
temperature difference between the depression tank and station 2. Each
thermocouple could also be read individually in absolute units. Four
wall static-pressure taps were provided on both the inner and outer
walle, It was necessary to place the hub static taps approximately

l% inches behind station 2 because of the rotatlng hub. A summary of
the instrumentation is gilven in teble III. Photogrephs of the lnstru-
mentation are shown in figure. 5. ’

The static-pressure probes and thermocouple rgkes used in this
investigation were calibrated for the effect of Mach number (over a
range from 0.1 to 0.9) before installation in the test rig. This cali-
bration covered the range of absolute Mach number that was encountered
in this investigation. There were slight circumferential variations in
static pressure and total temperature in the wake-free regions of the
blade both before and after the rotor; however, they were not considered
serious enough to warrant taking complete circumferential surveys at all
deta polnts. Some of these variations might be caused by the inlet
bearing support struts and possible distortions in inlet flow,

Test Procedure

The investigation was divided into two phases: (l) rotor with
guide vanes and (2) rotor alome. Data were taken at constent values of
equivalent rotor speed Up/,/6 of 800, 900, 1000, end 1120 feet per

second for each configuration. A range of welght flows was investigeted
at each speed from a high flow limit at which & pressure rilse was no
longer obtailned at the tip to a flow at which blade tip stall occurred.
An Inlet pressure of 25 Ilnches of mercury absolute was used for all
tests,

Calculation Procedure

The average total-pressure ratio for the rotor with guide vanes was

based on a mass-welghted integrated average of the isentropic power input

thet reduces to the following equation:

r-1 1
- Y‘-
I
T,2 P, T

5 - 1| paVx,2r2 dr
E’E) TH,2 2 + 1 (2)
P =

O/av 1,2
PaVx,2rp dr
TH,2

. RS
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The average adiabatic'temperature-rise efficiency was calculated as a
ratio of mass-weighted average isentroplc power input to mass-weighted
average total-temperature rise across the rotor as follows:

-1
Tr,2 P, 2
0
T
H,2
Ngd = . - (3)
T,2
(Tz - TolegVy,arp dr
TH,2

A numericel-average pressure ratio and adisbatic efficiency were used
in evaluating the performsnce of the rotor without guide vanes, because
preliminary calculations indicsted that the difference between mass-
flow average and numerical average was negligible for thils configuration.

The average momentum efficiency was calculated as a ratio of the
mass-welghted isentroplec power input to mass-welghted momentum change
across the rotor as follows:

Tp,2 -1
P
To <‘p—§‘> - 1] pPaVx,2r2 dr
TH,2
M = - (4)
7,2
1
Eiep (UaVg,2 - U1Vp,1)P2Vx, 272 F

Ty,2

A1l other performance parameters used in this report were calculated
directly from the measured pressure, temperature, and flow-angle data
at stations 0, 1, and 2, respectively. Cealculations across the rotor
were made along assumed streamlines, The passage at stations 1 and 2
was divided into five equal radial increments, and the blade elements
were rated with the streamlines assumed to be straight lines connecting
these pointe, as is indicated in figure 4. This assumption was made to
expedite the calculation procedure. The correct method for choosing
streamlines would, of course, be to divide the passage into equal incre-
ments of mess flow. If this method were used, it would have been neces-
sary to recalculate the streamlines at every data point, and thus also
change the blade element rated at each operating point. Since this type
calculation is very laborious, the same blaede element was rated at all
operating conditions.

SONRN.
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Reliability of Data

In an investigation of this type, it is desirsble to know the accu-
racy of measurement of the experimentel datse. It is not easy to deter-
mine the accuracy of each measurement quantitetively. The effects of
radial and pulsaeting flows in addition to the circumferential veriations
were not evalusted completely from the instrumentetion that was employed
in this investigation. However, checks were made on the over-all per=-
formance data to estimate qualiltatively the over-all accuracy of measure-
ment,

Over-all performance. - Three welght-flow measurements were com-
pared. One was calculated from the pressure and temperature measurements
et the orifice plate, and the others were computed from an integration
of the survey data at stations 1 and 2. The accuracy of the integrated
welght flow is primerily dependent upon measurements of static pressure,
total pressure, and flow angle, if the proper effective flow area is
chosen, because temperature errors exert only & smsll influence on these
calculstions. Therefore, if the lntegrated and orifice weight flows
ggree, the static-pressure, total-pressure, and flow-angle measurements
are probably correct. In this investigation, the discrepancy between
the weight-flow measurements was never greater than 5 percent, and in
most cases was less than 5 percent. The differences, in addition to
instrument error, can be attributed to such things as the effects of wall
boundary layer, blade wake, and instrument blockage in reducing the
effective flow area from the geometricel area, as well as to the circum-
ferential variations 1n flow that existed.

In addition to the weight-flow calculations, the efficiency of the
compressor was calculated by two different methods from equations (3)
and (4). These efficiencies are compared in figure 6. 1In caleulating
momentum efficiency (eq. (4)), the actual work done is based on the
change in momentum through the rotor rather than on the temperature rise.
An inherent error in the momentum-work-input concept associated with
cesing torque and element heat-transfer effects, which has been described
in reference 7, results in values of efficiency higher than those calcu~
lated from equation (3). Therefore, the momentum efficiency was only
utilized as a guide, and values of temperature-rise efficiency were used
in plotting all curves and in making all computations. Figure 6 indi-
cates that the discrepancy between the momentum and temperature-rise
efficlencies was grester in the rotor with guide vaenes than without. 1In
the case of the rotor with gulde vanes, the inlet whirl velocity as well
as the outlet whirl had to be evaluated. Measurement of the inlet whirl
could have introduced an additional source of error into the momentum-
efficiency calculation that was not present in the rotor alone, because
the inlet whirl velocity was zero in this case. The previous discussion
1s concerned with the over-all accuracy of measurement.

2851
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Blade-element performance. - The accuracy of measurement at each
blade element is more difrficult to determine than is the accuracy of
the over-all data. No relisble check can be made on each individual
measurement; therefore, the absolute values are subject to some ques-
tion. However, it is believed that if reasonably good accuracy is
obtained in the over-zll results, the blade-element results will be
religble, in that the shape of the performesnce curves and a comparison
of the relstive measured values are valid.

In some cases the measured blade-element efficlency at the hub of
the compressor exceeded 100 percent. This is probably due largely to
the radial displacement of the low-energy air at the hub towards the
tip. Reference 8, which is a study of the secondary-flow phenomens 1n
a set of turbine nozzles, shows that it is possible for a loss that
originates near the tip of the blade to be measured at the hub. In the
case of a rotating blade row, the reverse would probebly be true; that
is, a loss that originates near the hub could be measured at the blade
tip. If nearly complete centrifuging of the losses occurs toward the
blade tip at station 2, the hib-station efficiency (based on a pres-
sure ratio, PZ/PO) will be very close to 100 percent (as was the case

in the rotor with gulde vanes). If the hub-station efficiency is then
recomputed, based on PZ/PJ_ (which is greater than PZ/PO)’ the values

could conceilvably exceed 100 percent. Unfortunately, it was not possible
to determine quantitatively the extent of the centrifuging of the losses
in this investigation. It is entirely possible that measured values of
temperature could slso have affected the efficlency adversely.

Concluding remasrks. - A satisfactory correlation of data was
obtained between the two invéstigations, and the efficlency level of
this unit was approximetely the same as the full-stage investigation
reported in reference 2., Therefore, the data were considered to be
sufficiently accurate for reasonsble correlation.

RESULTS AND DISCUSSION
Over-All Performence -

Rotor with gulde vanes. - The mass-gveraged over-all performance 1is
presented in figure 7. At design speed (UT/A/§ = 1120 ft/sec), a8 peak

pressure ratio of 1.277 was reached at an efficiency of 0.85 and an
equivalent weight flow of 23.75 pounds per second. A maximum efficiency
at design speed of 0.905 was obtained at a weight flow of 28.18 and a
pressure ratio of 1,186, Over the range of speeds investigated, the
peek efficlency at each speed varied from 0.885 to 0.910. At speeds of
900, 1000, and 1120 feet per second, low-flow test points were not

obtained because of a blade fallure that occurred during operation in
the stall region.

SONERENT AT
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Rotor alcne., - The over-all performance of the rotor 1n operation

without inlet gulde vanes is presented in figure 8.

A tip speed of

1000 feet per second appears to be the best operating speed for this
configuration, because relstively high pressure ratio can be cbtained
At higher speeds, a rgpid drop in efficiency
Therefore, this

gt good efficiency.

occurs; at lower speeds, the pressure ratio is lower.
speed wlll be considered to be design speed for this investigation.
At an equivalent tip speed of 1000 feet per second, a peak pressure
ratio of 1.297 was reached at an equivelent welght flow of 32.30 pounds
per second and an efficlency of 0.89.
reached et an equlvelent welght flow of 33.60 pounds per second and s

pressure ratio of 1.276.

A peak efficiency of 0.895 was

near the weight flow for peak pressure ratio.
clency that occurs as the speed 1s increased from UT/4/§ = 1000 to

UT/A/5 = 1120 1s due primsrily to a Mach number effect. This point
willl manifest itself in a later discussion,

The weight flow for peak efficilency is very

The drop in peak effi-

Comparison., - The following teble summerizes the design-speed
over-gll performance of both investigations:

Performance Rotor with gulde venes Rotor alone
point (Up/ /6 = 1120 ft/sec) | (Up/ /@ = 1000 £t/sec)
Total- [Adia~ |Equiva-|Total- |Adia- |Equive-
pressure |batlie |[lent pressure|batic lent
rat}o, effl- |weight rat;o, effi- |welght
Pp/Py |clency,|flow, Pp/Py |cilency,|flow
Tad W_ﬁs e Nad WJKB e,
1b/sec 1b/sec
Pesk pressure ratic| 1.277 0.85 23.75 | 1.297 0.89 32,30
Peak efficlency 1.186 .905 | 28.18 | 1.276 .895 | 33.60

In addition to the design-speed summsry presented in the table, it
is desirable to compare the over-all performance at each tip speed
(figs. 7 and 8) in order to obtain a better insight into the over-all
performance characteristics of the rotor in operation with and without

gulde vanes.

The values of peek efficlency were spproximately the same

except at a speed of 1120 feet per second, where the efficlency of the
rotor alone dropped approximately 7 percent.
peak isentropic power input per pound of fluid at each speed T3iY

(or 7Y, since inlet total temperature was constant at all speeds), it
was found that the ilsentropic power input was spproximastely 30 percent
higher when the rotor was operating without inlet guide vanes.
pesk pressure ratio for the rotor alone increased from approximately

1 percent at UT/

By a comparison of the

4/8 = 800 feet per second to 8 percent at

The

UT/qfé = 1120 feet per second. The total energy addition per pound of
filuid can be written as

~SAlFEaEmp
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Hp - By = UpVp 2 - UrVg,1 = cp(Tz - T3) (5)

From the definition of adlebatlic effliciency:

-1
E Po\ ¥
iy () -a
1 1
Wt E T T, ©
E T

Combining equations (5) and (6) and solving for the pressure ratio
result in:

i
-1
Py [; , Jea (U2%6,2 - UiVe,1{]
cpT1

(7)

At constant wheel speed, ilnlet temperature, and efficiency, equa-
tion (7) indicates that the total-pressure ratio is dependent only upon
the change in tangential velocity, Vg,2 - Vg,1. Therefore, the change
in tangentiel velocity must have been larger in the rotor alone. This
mey be more clearly illustrated by cbserving figure 1, which 1s a
typical veloclty disgram for the rotor with gulde vanes. The value of
y in this Pigure is indicative of the change in tangential veloeity.
Consider a typical velocity diagram for the rotor alone with the same
rotatlonal speed and the same relative inlet flow angle B, end there-

fore the same relative outlet flow angle B4 . 1In this case (since B1

is equal to zero), the value of axial velocity must increase to pre~
serve the same inlet and outlet angles. This increase effectively
increases the magnitude of the velocity components in the velocity
diagram, including the value of y. Therefore, the pressure ratio is
higher in the rotor alone.

The maximm equivalent weight flow increassed approximstely 21 per-
cent at & tip speed of 1120 feet per second when the gulde vanes were
removed. At a tip speed of 800 feet per second, the increase amounted
to 38 percent. These increases were expected. The addition of guilde
vanes to any annulus introduces new flow boundaries, and, therefore,
instead of being a functlon of the axlal component of velocity, the
choking flow limit is a function of the sbsolute component at the guide-
vane exit. The flow area will be effectively reduced as a direct func-
tion of the cosine of the guide-vane turning angle., It is, therefore,
deelrable to keep the gulde-vane turning angle as low as possible for
a high-mass-Fflow compressor design.

e B
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Blade-Element Performsence

The procedure followed in the design of this exial-flow compressor -
consisted of two phases. Initlally, it was necessary to select desirable
velocity distributions at each radius of the compressor. Finally, the
proper blade sections were chosen at each radial position and stacked
in proper relation to each other to esteblish the design velocity dls-
tributions st each radius. The following three sectlons of the report
are concerned wilth both phases of the design., The performance of each
radisl blade element is presented iIn a manner primerily for convenient
use in selecting compressor blading, as well as for comparing calcu-
leted design veloclty dlagrams and measured values of veloclty. Two
independent variables are utilized as paremeters for presentlng the
performance datae in curve form, angle of incldence and equlvalent welght
flow. The use of equlvalent weight flow as a plotting parameter 1s par-
ticularly desiraeble for a comparison of experimental results and calcu-
lated deslgn condiftions, It 1s ususlly convenlent to compare various
varlebles such as pressure ratio and efficiency at design weight flow.
This procedure is followed in the report.

2851

It is also advantageous to use incidence angle as an independent
varlable, since the range of angle of incidence, unlike range of equiva-
lent weight flow, remalns relatively constant at all speeds. Therefore,
1t is possible to relate the data at all blade speeds on a curve with
only one basic parameter. Incldence angle is also frequently used as
an Ilndependent variable in two-dimensional cascade plots. Therefore,
its utilization provides s means of meking a direct comparison of two-
dimensional and three-dimensional (compressor) cascade plots. In addi-
tilon, curves of angle of incildence agalnst equivealent weight flow are
also provided, so that a conversion from one parameter to the other can -
be made readily. o

Performance of Rotor With Guide Vanes

A plot of local efficiency against equlvalent welght flow at five
rediel positions along the blade height is shown in figure 9. The
efficiency 1s computed from the pressure ratio between the depression
tank and station 2; therefore, it provides an indication of the effi-
clency of the rotor and gulde-vane combination. At all speeds investi-
gated, the values of pesk efficiency for radial positions B, C, D, and
E exceeded 0.90. In contrast, however, the efficiency near the com~
pressor tilp (radial position A) ususlly was below 0.80. In order.to
analyze this problem (low tip efficiency) more completely, it is neces-
sary to isolate the gulde-vene losses and the rotor losses. —

Guide-vane effects. Curves of gulde-vane turning angle and guide~
vane total-pressure-loss parameter plotted against radius ratio are -

SEFIDMUITIT
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shown in figure 10 st design mass flow. Both the turning angle and
loss parameter remained relatively constant as the mass flow varied.
The design guide-vane turning-angle variation is also indicated. In
general, the experimental data check the design very well over most of
the flow passage (within 1°); however, at the hub and tip reglons of
the blade, the deviation is greater. This varlation was probebly
caused by improper allowance for the boundary-lsyer and secondary-flow
effects described in reference 5., The gulde-vane total-pressure-loss
parameter was determined from sn area average of the preliminary cir-
cumferential surveys of pressure. The guide-vane loss remained rela-
tively constant over the blade span except near the tip of the blade,
where a sudden increase in loss was cbserved. Inasmuch as all radial
measuring stations were not in the wall boundary-layer region, the
boundary-layer effects on the loss were considered to be negligible.
Therefore, this plot indicates that a portlon of the compressor tip
losses are caused by a thickening of the guide-vane wakes, which tended
to substantially reduce the average totel pressure at station 1.

Rotor performance. - The blade-element performance of the rotor
(operating in conjunction with the inlet guide vanes) is presented at
four tip speeds in figure 11l. Curves of blade-element adisbatic effi-
ciency (based on Pz/Pl), total-pressure ratio, angle of incldence,
and reletive inlet Mach number are plotted against equivalent welght
flow. When these figures are compared with flgure 9, a difference in
rotor-tip peak efficiency of spproximately 0.06 to 0.08 is obtalned.
Since the same values of total pressure were used at station 2 in the
computation of the efficiency curves (figs. 9 and 11), indications are
that a considerable portion of the tip element losses are caused by
increaied wake size near the guide-vane tip (radial position A, sta-
tion 1).

In figure 12, curves of rotor total-pressure-loss parameter, rela-
tive inlet Mach number, and rotor turning angle are plotted against
angle of incidence at four tip speeds for the five radlal positions
from hub to tip. At all radial positions except the tip, it is possible
to operate over a fairly wide range of incidence angle without incurring
serious total-pressure losses. At the hub section (fig. 12(e}), the
losses sre zero over most of the incidence-anglie range. Reference 1,
in which two-dimensionsl-cascade test resulis are obtained on a circular-
arc alrfoil of approximstely the same camber and solidity, indlcates a
higher loss level., It was, therefore, believed that the low loss level
at the hub that was obtained in this investigation was due to a radiel
shift of the low-energy ailr toward the tip section in addition to instru-
ment errors descrilbed previously. If the optimum inecidence angle is
consldered to be at the center of the low-loss incidence range, the
optimum incidence angle in this investigation varied from -1° to 5° from
tip to hub. Since the Mach number varies only slightly with incidence
angle at each speed, these curves may be consldered as loss curves at
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constant Mach number. The difference in the loss curves (which is, in
general, fairly small) at each speed can be attributed to the difference
in Mach number at each speed. There appeared to be no Mach nunber
effect on the turning-angle curves within the range of experimental
accuracy, because all speeds plotted on a single curve.

Compearison with design. -~ In figure 12, in additlion to the experi-
mental tﬁrning-angle plots, the design turning-angle curves calculsted
from equation (1) are plotted as dotted lines. At the design incidence
angle (2°), which is the incidence angle where the rule was appliled,
there is good agreement of the design rule and experimental results,
except near the hub. At radisl position E (fig. 12(e)), the data fall
below the design line. The reason for this fact cannot be satisfactorily
explained at this time.

Figure 13 i1s & plot of dimensionless energy addition against radius
ratio at design speed. This curve indicates that at the design weight
flow the design energy addition was not attalned. The design assumption
of efficiency (0.90) proved to be very accurate at design weight flow
(fig. 7). Therefore, the effects of efficiency on design energy addi-
tion were eliminated. Achieving design-point operation was of secondsry
importance in this investigation; therefore, no passage-area allowance
for boundary was maede. Because of the boundary-layer bulldup at sta-
tlons 1 and 2, the axial velocity at design weight flow at station 1
was hligher than deslign. The ratio of the measured mean axlal velocity to
the design axial velocity Vi,m/vk,d was 1.05. At station 2 a further

lnerease in axial veloclity resulted (vx,m/vx,d = 1.09). Since the axisl

velocity was high et station 1, design asngle of incldence was not
attained at design welght flow, as is indicated by figure 11(&). A Jow
angle of incldence and an acceleration of axisl velocity through the
rotor both contributed to reducing the energy addition below the design
velue. ©Since the design energy sddition wes low, it was expected that
the pressure ratlio (fig. 7) would fall below the design value,

Radiael equilibrium. - Curves of dimensionless axial velocity agsinst
radius ratio at design speed at stations 1 and 2 are given in figure 14.
Plots corresponding to three different values of weight flow are shown
in each figure, high flow, low flow, and maximum efficiency. The dotted
curves are distributions of dimensionless axial velocity calculated by
integrating equation (14) of reference 9. The equation 1s as follows:

Vg o(rVg) ov. oV
gI%=Fr+T§ES+;Q%e—+V_XFx-Vx§f (8)

The integration of this equation was based on the following assumptions:

_[ \J
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1. Since the calculations were made before and azfter each blade
row, the radial force exerted on the ges by the blades was zero (F,. = 0).

2. Radisl accelerations of velocity were assumed to be equal to

zero; therefore, Vx 343 = 0.
X

3. The variation in entropy along the radius was assumed to be zero;

therefore, T %; = 0.

Equation (8) then reduced to

Vg o(xV ;v
g% = 'rg —r‘(rre) + Vx f (9)

Figures 14(a) and (b) indicate that the design sssumption of simple
radial equilibrium was reasonebly accurate both before and efter the
rotor. In order to find the effect of the variation in entropy along

the radius after the rotor on equation (9), the term T %% was expressed

in terms of measured pressures and temperatures and added to equa-

tion (9). The results of this calculation are indicated in figure 14(c),
which shows that the computed axisl veloclty willl more closely approxi-
mate measured values if the entropy-gradient term is included in the
equilibrium calculation.

Rotor-outlet conditions. - In figure 15, the rotor-outlet absolute
air angle and rotor-outlet absolute Mach number are plotted against
redius ratio at the maximum efficiency point at design speed. This
curve represents the stator-inlet conditions and is presented to show
the range of inlet conditions which would be encountered in the stator-
design problen,

Performance of Rotor Alone

Blade~element performance. - The blade-element performance of the
rotor without inlet guide vanes is presented st four tip speeds in fig-
ure 16. Curves of blade-element adiabatic efficiency, total-pressure
ratio, angle of incidence, and relative inlet Mach number are plotted
against equivalent weight flow. In figure 17, curves of total-pressure-
loss paremeter, relstive inlet Mach number, and rotor turning angle are
plotted against engle of incidence at four tip speeds for the five
radial positions. The optimum incidence angle varies from spproximately
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1° at the tip (radial position A, fig. 17(e)) to approximately 5° at
radial position D (fig. 17(d)). At the hub (fig. 17(e)), because of
the shape of the loss curves, the optimum incidence angle could not be
determined. Figure 17 indicates that there 1s an appreclalbe varilation
of Mach number with incidence angle. This tends to reduce the slope of
the loss curves somewhat at the high incidence angles., At radial posi-
tions B, C, and D (figs. 17(b) to (d)) a slight dip in the turning-
angle curves was noted, The reason for this dip cannct be explalned
definitely; however, it is possible that a slight flow separation and
regttachment could have occurred in the region of the dip. Agein,
within the range of experimental accuracy, there mppeared to be no
effect of Mach number on the turning-angle curves. The dashed curves
indicate the design rule. At the design angle of incidence (2°), the
data at radial positions A, B, and C agree with the rule of reference 6
reasonsbly well (within 1.5°)., At radial positions D and E, date points
at design incldence were not obtained because of the large gradient of
incldence angle imposed by removal of the gulde vanes. Therefore, a
check with the design rule could be made only by extrapolation of the
turning-angle curve to design incidence. Since there was some scatter
of data in the end regions of the turning-angle curves at radilal posi-
tions D and E, accurate extrepolation proved to be difficult. There-
fore, the check on the design rule at these radial positlions was not
consldered asccurate enough to warrant discusslon.

Radlial equilibrium, - Curves of dimensionless axial velocity against
radius ratio at station 2 at a tip speed of 1000 feet per second are
shown 1n figure 18, Three plots, corresponding to three different
values of welght flow, ere shown, high flow, low flow, and meximum effi-
ciency. In figure 18(a), the dashed curves represent the distributions
of dimensionless axial velocity that were calculated by means of equa-
tion (9). The dashed curves in figure 18(b) have alsqg been calculated
from equation (9), with the entropy-gredilent term included in the cal-
culation, The results, simller to those for the rotor with guide vanes,
indicate that a better correlation of caleculated curves and experimental
data is obtained 1f the entropy-gradient term is included in the equa-
tion for radiel equilibrium.

Rotor-outlet conditions. - Figure 19, which is similar to fig-
ure 15 and presents the rotor-outlet absolute air angle and rotor-
outlet Mach number against radius ratioc st the maximm-efficiency point
at a tip speed of 1000 feet per second, represents the stator-inlet
conditions that would probably be used for a stator-blade design.

Comparison of Rotor Investigetions

In order to integrate the previous discussions of the blade-element
parameters used in evaluating the performsnce of both configurations, it

el ONETDEINPE AL
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was deslirable to compare the performance curves. By means of this com-
parison, the reglons of agreement and disagreement of the performance
parameters would be manifest.

Blade-element performsnce. When figure 11 is compsared with fig-
ure 16, several differences in performance are observed. The blade-
element peak efficiencies covered the same range of values except at a
tip speed of 1120 feet per second. The pressure-ratio level and the
Mech number at each radial position at each speed were higher for the
rotor with no gulde vanes, because velocity dlagrams st each radial
position were effectively scaled up. The reason for these facts was
expleined in detail in the section on Over-A11l Performance.

The rate of change of incidence angle with weight flow is greater
for the rotor with guide vanes. Therefore, for a given increment of
incidence angle, a greater increment of weight fliow will be obtained
for the rotor alone. The angle of incidence from hub to tip at each
weight flow at each speed is relatively constant for the rotor with
gulde vanes. In contrast, this angle varies spproximately 8° for the
rotor alone, The incidence-angle variation, however, did not seem to
cause any apprecleble mismatching of the blade sections, as is indicated
by the fact that the value of weight £low for pesk efficiency at each
radiel position at each speed was relatively comnstant. This trend
cannot be reconciled with the cascade data of reference 1. The results
of reference 1 indicate that the hub section of the blade would be
operating in the high-loss region at values of incidence angle incurred
in the investigation of the rotor alone. Therefore, it appears that
three-dimensional effects alleviated the problem of high hub incidence
angles. It 1s possible that a radisl shift of the low-energy air
towards the tip resulted In a high indicated efficiency at the hub
before separetion, in spite of the very high incidence angles, In addi-
tion, because of the flow-area blockage caused by finite blade thickness,
an acceleration of the flow shead of the blaedes may have delayed flow
separation associated with high ineidence sngles.

In a comperison of figure 12 with figure 17, differences in per-
formance are also noted. 1In the previous discussions of these figures,
it was stated that the optimum incidence-angle varistion from hub to
tip in the rotor with guide vanes is from -1° to 5°; in the rotor alone,
the values of optimum incidence angle are slightly higher, ranging from
1° at the tip to 5° at radial position D (the hib optimm incidence
angle could not be determined). The Mach number level is higher for the
rotor alone, and it appears that values of optimum incidence increase as
Mech number increases. This trend is also indicated by the cascade data
of reference 1. In the regions where a comparison of the design
turning-angie rule and the experimentasl data could be made, the results
indicate thet the design rule predicted.accurately the turning angle
except at radial position E, where a slight underturning was observed.



18 O e NACA RM E53D24

In addition, a comparison of the tip turning-angle curves (figs. 12(a)
and 17(a)) indicates that a wider range of angle of incidence could be
covered before tip stall with the rotor alone. The point at which tlp
stall occurs 1s assumed to be that value of inecidence where the maximum
turning angle occurred. Therefore, a wider weight-flow range could be
covered before tip stall in the rotor alone for two reasons. The
incidence-~-angle range before tip stall is greater, and, as previously
indicated, the rate of change of incidence angle with weight flow is
smaller for the rotor alone. Therefore, a greater welght-flow range

is possible in the rotor alone.

Blade-loading and Mach number effects. - It has been generally
esteblished that one of the largest sources of losses in axilal-flow
compressors occurs when the flow separates from the suction surface of
the blades. The flow separation arises from excessive suction-surface
velocity gradients (high blade loading) and from the results of shocks
and boundery-layer interactions that occur with high relative inlet
Mach numbers. As reported in reference 10, blade loading can be ade-
gquately described by the diffusion factor, which can be written as

; V. V' -V
e (10 ) e (0
Vi ovl

Values of diffusion factor have slgnificance at or very near the opti-
mum incidence angle of the blade., The first term is a function of the
relative velocity ratio, and the second term is proportional to the
blade 1lift coefficient. In reference 10, equation (10) was used to
correlate data obtained from numerous single-stage-compressor test rigs
on the basis of the total-pressure-loss parameter w ‘-at or near opti-
mum incldence angle at values of sub-limiting Mach numbers. The limit-
ing Mach number 1s defined as the Mach number where losses begin to
increase very rapildly.

In order to compare results of the two rotor investigations and to
examine the differences in blade-loading and Mach number levels, the
measured total-pressure-loss parameter 1is plotted 1n figure 20 against
diffusion factor. The date points represent both investigations and

are elther at or near the optimum incidence angle, since values of dif-_

fusion factor apply only in thils range.

At redial positions B, C, D, and E, only & relstively smsll range
of diffusion factor was covered. In this range, the losses were of
the same order of magnitude as those reported at the hub- and mean-
radius positions in reference 10. This being the case, it was felt that
flow separation did not occur neer optimum incidence. At these radial
posltions, a good correlation of data was obtained for both rotor

LSRRtk
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investigations. Since the loss level was of the same order of magni-
tude in both cases, even though the Mach number level was different,
these plots indicate that the relative Inlet Mach number did not have
any measurable effect on the performance in the range of Mech numbers
experienced.

At radial position A, a much wider range of losses and diffusion
factors was covered. As the diffusion factor increased, the loss
increased, This type of loss variation with diffusion factor was also
reported in reference 10, and is shown on the curve by the dashed lines.
The measured diffusion factors are reasonably accurate, because 1t is
believed that the measured velocities are correct, in view of the inte-
grated weight-flow checks, Excluding the data for the rotor alone at
UT/qfé = 1120 feet per second, the datas from both investigations appear
to fall on a single curve that is somewhat higher than the range of '
values glven in reference 10, The higher losses might be due to exper-
imental inaccuracy and the transporting of low-energy air from the hub
to the tip in the rotor, as mentioned previously. The only date that
do not appeer to agree with all the rest are the loss parameters at the
two lower values of diffusion factor at Up/4/6 = 1120 feet per second
Por the rotor alone. These higher losses are an indicetion that the
limiting relative Mach number for this blade section has been exceeded
for these two points for this diffusion-factor range. The value for
the limiting Mach number appears to be between 1.10 and 1.20 for the
blade element near the tip, on the basils of this diffusion correlation.
This value is considerably higher then that at which any conventional
airfoil currently in use has been able to operate efficlently. The
higher value is partly due to the fact that the circular-arc airfoill
has a much thinner nose; therefore, for a given inlet Mach number, both
the blade maximum surface velocity and the channel mean vélocity will
be lower than those of conventlonsl airfoils. Since the channel mean
velocity determines the "choke point", higher inlet Mach numbers may
be tolerated before the shock and boundary-leyer losses associated with
choking flow are incurred.

If the data points at Up/A/6 = 1120 feet per second for the rotor

alone are again not considered in figure 20(a), the range of values of
diffuslion factor covered in both investigations is the same. Therefore,
approximetely the same loss-parameter level was obtained in both investi-
getlions, even though considerebly higher pressure ratios were obtained
for the rotor alone.

SUMMARY OF RESULTS

A l4-Inch-dismeter axisl-flow-compressor rotor with a hub-tip
diameter ratio of 0.50 was operated to investigate the blade-element

SIS
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characteristics as well as the over-all performance of a set of circular-
arc blades over a range of inlet relative Mach number from 0.40 to 0.82
with inlet gulde vanes installed and from 0,44 to l.22 with the gulde
vanes removed. The following results were obtained from this investi- .
gation:

1. At design blade tip speed of 1120 feet per second, a peak pres-
sure ratic of 1.277 was reached at an efficlency of 0.85 and an equiva-
lent welght flow of 23,75 pounds per second for the rotor with gulde
vanes., A maximum design-speed efficiency of 0.905 was obtained at a
welight flow of 28.18 and a pressure ratio of 1.186.

2. At an equivalent tip speed of 1000 feet per second, which was
consldered to be the best operating speed for the rotor alone, a peak
pressure ratio of 1.287 was reached gt an equivalent weight flow of
32.30 pounds per second and an efficiency of 0.88. A peak efficiency
of 0.895 was reached at an equivalent weight flow of 33.60 pounds per
second and a pressure ratio of 1.276.

3. The over-all compressor tip efflciency was reduced 6 to 8 per-
cent because of losses in the inlet guide vanes,

4, In both Investligations, it was possible to operate over a wide
range of incidence angle at all radial positions with no large losses
except at the blade tip.

5, Over the range of Mach numbers investigated, no Mach number
effect on the turning angle was detected.

6. At the design incidence angle, the design turning-angle rule
predicted accurately the turning at all radiasl positions except the
hub section. At the hub, slight underturning resulted.

7. The design assumption of simple radial equilibrium was rela-
tively accurate, in that reasonsbly good checks of calculated and
measgured axial velocity were obtained. However, when the entropy-
gradient term was included in the radial equilibrium equation, there
was better agreement between the measured dsts and calculsted values
of axial velocity.

8. The optimum incldence angle appeared to lncrease as Mach number
increased in thls investigation.

2851
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9. In the investigation of the rotor alone at a tip speed of
1120 feet per second, there were indications that the limiting relative
Mach number (which was determined to be between 1.10 and 1.20) had been
exceeded. Therefore, the over-all peak efficiency was reduced approxi-
mately 7 percent.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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APPENDIX -~ SYMBOLS

The following symbols asre used Iln this report:

A,B,C,

c

Cp

blade messuring stations

blade chord, in.
specific heat at constent pressure, 0,241 Btu/(1b)(deg)
2\ Ve,2 - Vo1
diffusion factor (1 - §7 )+ oV !
1 1
force

acceleration due to gravity, 32.2 ft/sec?

total enthalpy (actual work inpiut per pound calculated from
total~-temperature rise), ft-1b/1b

dimenslonless axiel velocity, ratio of axial veloclty to tip
speed — .

angle of Incldence, angle between tangent to blade mean camber
line at leading edge and inlet-air direction, deg

mechanical equivalent of heat, 778 ft-1b/Btu
arbitrary constant
Mach number

coefficient - function of blade-setting angle (angle between
chord and axis)

total pressure, 1b/sq ft
static pressure, lb/sq £t
radius

blade spacing, in.

entropy, Btu/(1b)(deg)
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»

temperature, °R

blade thickness, (percent of chord length)
blade speed, ft/sec

velocity, £t/sec

welght flow, 1b/sec

ratio of ebsolute tangentlsl velocity to rotor tip speed

-1
—_— -1
P
retio of change in tangentisl veloecity through rotor to rotor
tip speed
radius ratio, r/rT or blade-speed ratio U/UT
angle between veloclty vector and rotor axis, deg

ratio of specific heats

deviation angle, angle between tangent to mesn camber line at
blade trailing edge and air direction

ratio of inlet total pressure to standerd NACA sea-level pres-
sure, 2116.2 1b/sq ft

adigbatic efficiency

momentum efficiency

ratio of inlet total temperature to stendard NACA sea-level
temperature, 518.6° R

blade-setting angle, angle between chord and axis, deg
air density, slugs/cu £t
ratio of chord to spacing, c/S

blade cember angle, deg

-~y



24 L NACA RM ES53D24

L~ 4 -

w total-pressure-loss paresmeter, <§§_:;E£> <;£—:;EQ->
1-P1 0 = Pav

Subscripts:

av average

a design condition

GV guide~vane inlet

H compressor hub

i ideal condition

n mean

P pressure surface

r radlal direction

S suction surface

T compressor tip

b axial direction

e tangentisl direction

0 depresslon-tank measuring station

1 measuring station after gulde vanes

2 megsuring statlion after rotor

Superscript:

' relative to rotor

2851
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TABIE I. - GUIDE-VANE GEOMETRY

Radial Blade | Blade Chord-to-
position | camber | chord, | spacing
angle, c, ratio,
®, in. (o1
deg
Hub 26.6 1.08 1.37
Mean 36.5 1.47 1.24
Tip 57.2 2.25 1.43
Compressor diam., In. .« « o ¢ o o ¢ ¢ ¢ ¢ o ¢ ¢ ¢ ¢ o ¢ s ¢ o & 14

Compressor hub-tip dlam, retico » . « ¢« « ¢ ¢ ¢ ¢ ¢« ¢ v ¢ =« . « « 0.5
Blade radius of curvature, In. « . « « « o+ o ¢« o o « ¢ + o« o « « 2,346
Meterial « ¢ « ¢« o « o ¢ o o o s s « o o o o« s o+ 0.,060=-in, sheet steel
Blade leading- and treiling-edge radil, in. . . .« . ¢« . ¢ « . « 0.030
Number Of Dlades8 + o ¢ o o ¢ o o o s o o s s 6 o o« o o o ¢ a s 28

TABLE II. - ROTOR BLADE DETATIS

Radiel Blade |Blade Chord-to~ | Suction- | Pressure-~
position | camber | thickness, | epacing surface surface
angle, t, ratio, arc arc
P, percent o radius, radius,
deg chord in. in.
Hub 31.2 10.0 1.57 1.74 797
Mean 16.1 7.5 1.05 2.79 214.88
Tip 0 5.0 . 785 8.28 -8.28
Compressor dlam,, In, « « ¢ ¢ ¢ ¢ o ¢ ¢« ¢ o ¢ o o o o o & s o & 14

Compressor hub -tiP dia.m. ratio s s e & T s 8 o o s e e e o 0.50
Rotor blade chord, in. « « « « & e 6 s & o s s e s s e s e s 1,50
Rotor blade leading-edse radius, in. e e o s e s s e s « e s« 0.010
Rotor blade trailing-edge radius, In, & & & v 4 ¢ ¢ ¢« ¢ o o « s« 0.030
Number of blades : 23
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TABLE ITI. - INSTRUMENTATION SUMMARY

Station Radial Measurement Inptrument Circum-
measuring ferential
poaition positicus

Station|Radius,
higr
Depression Total preasure Wall taps 4
tank, O Total temperature|Thermocouple probe 3
After gulde) Tip |0.5833 [Total pressure Claw total-pressure probe 1

vanes, 1 A .5529
B .49%7 |Static pressure |Stralght-support wedge-type statle~
c AR5 pressure probe 1
D .3754 Wall 'tB.PB 4

B -3162 |Flow angle Claw total-pressure prabe 1
Hub . 2867
After rotor| Tip |0.5833 |Total pressure Claw total-pressure probe 1

blades, 2| A .5562
B .5021 |Static pressure |"L"-support wedge-type stetlic-pressure
c 4479 prcbe 1
D 3937 Wall taps 8

Hﬁb -gﬁgg Total temperature|5-Tip spike-type total-temperature rake 3
o T IFlow angle Clew total~pressure probe 1
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Fip | 1120 [0.5080{0,5%07[0.776Z0.6272(0.588L{0.5474|1.0 [0.5276{0.4778(0.150 [60.0(56.4 (40.2
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(a) Geometry.

Axis

Figure 2. - Typical rotor blede section.

(b) Top view.
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Figure 17. - Blade-element performance data at five radial
positionas for rotor alone.
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Figure 17. - Continued. Blade-elemént performance data at five
radial positions for rotor alone.
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Figure 17. - Contirued. Blade-alement performance data at five
radial positions for rotor alane.
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Figure 17. - Concluded. Blade-elemsnt performance data at five
radial positions for rotor alche.
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Rotor-outlet ebsolute Mach number, M,

Rotor-outlet absolute angle, B, deg
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Figure 19. - Rotor-outlet angle and Mach number plotted

egeinst redius retio for rotor alone. Blade tip speed,
1000 feet per second; equivalent weight flow, 33.58 pounds
per second. '
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Figure 20. - Varlation of total-pressure-loss parameter with

diffusion factor for points near optimum incidence angle.
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