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PERFORMANCE OF HIGH-PRESSURE-RATIC AXIAT-FLOW COMFRESSOR
US'ING- HICHLY CAMBERED NACA 65-SERTES BIOWER BLADES
AT HTGE MACH NUMBERS

By Charles H. Voit, Donald C., Guentert
and Jemes F. Dugan

SUMMARY

A complete stege of an axlial-~flow compressor was desligned dand
bullt to investigate the posslblillity of obtainlng a high pressure
ratlo per stage with an acceptable efficlency through the use of
an optlmum combination of high blade loading and high relative
inlet Mach number. This stage was deslgned for a symmetrical
veloclty diagram at the mean radius with a wheel-type rotation
through the inlet guide vanes and a vortex addition in the rotor.
The NACA 85-series blower-blade section was used and the blades
were installed in s varlable-componsent, axial-flow compressor with
a constant tip dlameter of 14 inches and & hub-tip ratio of 0.8
at the leading edge of the rotor blades. The over-all stage per-
Pormance was Investigated over a range of weight flows at eguiva-
lent tip speeds from 418 to 836 feet per second, corresponding to
a range-of 50 to 100 percent of design speed, respectively.

At design speed, a peak total-pressure ratlio of 1.445 was
obtalned with an adlsbatic efficlency of 0.89. For deslign angle
of attack at the mean radius, & total-pressure ratlo of 1.392
was obtained.

INTRODUCTION

In order to permit the deslgn of more compact axial-flow
campresgors for alrcraft application, 1t 1s necessary to increase
the pressurs ratlio per stage to & maximum value that is consistent
with obtaining acceptable efficiencies and welght flows. A4An
analysis of the effect of basic design variables on the perform-
aence of axial-flow compressors (reference 1)} indicates that the
blade loading and the inlet Mach number of the alr relative to the
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blades are the primary factors In determining the pressure ratlo
cbtainable in an axial-flow-compressor stage. Because the critical
Mech number of a blade sectlon, beyond which sconic veloclties occwr
on the blade suwrface, decreases as the blade camber ls increased to
obtaln higher blade load.ings, an optimum combination of the two
variables must be used to obtaln a maximm pressure ratio.

The results of an investigatlon of the performence of a single
row of highly loaded rotating blades (reference 2) indicated that
a total-preasure ratic of l.44 might be obtalned with acceptable
efficlency by the use of hlgh blade loadings and & hilgh relative
inlet Mach number. In order to verlify this prediction and to inves-
tigate the performence of such a compressor stage, & complete stage
congleting of inlet gulde vanes, rotor, and stator was designed,
construoted, and investigated at the NACA Iewls laboratory. The
rotor and stator blades were designed on the basis of two-dimenslonal
" cagcade data for an optimum combination of blade loading and rela-
tive inlet Mach number for a NACA 65-gseries blower-blade aection
to produce a high pressure ratio. The blades were installed in a
l4-inch-~diameter compressor that had a hub-tip ratio of 0.8 at the
leadling edge of the rotor blades.

The performance of the compressor was investigated over a
range of welght flows at eguivalent rotor tip speeds from 418 to
836 feet per second, corresponding to a range of 50 to 100 percent
of design speed, respectlvely. Performance curves are presented
as the varlations of the total~pressure ratio and efflciency with
corrected weight flow for the different speeds; comparisons are
made with design values pred.ioted from two-dimensional cascade
data. :

BLADE DESIGN

In designing thls single-stage compressor, an attempt was made
to obtain & high pressure ratlo with acceptable efficlency. The
NACA 65-serles blower-blade sectlon with a 6-percent thiclkmess was
chogen for uge in the invesgtigatiom, The rotor-blasde cambers and
angles of attack were selected from the design values in refer-
ences 3 and 4 on the basis of the flattest pressure distribution
and represent the approximate center of the low-drag region of the
angle-of -attack range for a given blade section. Because of the
flat pressure distribution, these design values also represent the
angle of attack with the highest critical Mach number.
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The variatlon of stator-blade turning angle from hub to tip
was very smgll and a constant-cember section with camber and angle
of attack for the flattest pressure distribution st the mean-radius
blade section was used, The critlcal Mach numbers of these blade
sections were obtained from high-speed ocascade date secured fram
the NACA Iangley laborstory. The use of the critical Mach number
as a limiting value provides a Ffactor of safety; that 1s, these
high~speed cascade data indicate that excessive losses ars not
obtained untll a Mach number scmewhat higher than the critical
value is reached, Inasmuch as cascade date on the highly cambered

sectlons with 6-percent thickness were very limlted, considerable
extrapolation was required.

The gulide vanes were varleble-chord, circular-arc, sheet-
metal vanes designed by use of the following equation derived from
equatlions in reference 5:

AR = (Ll - 0,26 4/s/c)
(The symboles used in this report are defined in the appendix.)
The following assumptlons were used in the compressor design:

(1) Velocity diagram based on a wheel-type rotatlion added by
the 1nlet-guide wvenes, vortex addition by the rotor, and =
symmetrical diagram at the mean radius; rotation, which is
added by the rotor, removed by the stator

(2) A ratio of axial veloclty at the mean radius to rotor tip
speed of 0.8, corresponding to maximum-power-input conditions

(3) Simple radial equilibrium of pressure from hub to tip at
the entrance to each blade row

(4) Constent Mach number at the mean radius entering the rotor
bledes and at the same radius entering the stator blades

The design veloclty diagrams at the hub, mean, and tip radii are
shown in figurs 1. In applying the design values of references 3
and 4 to.compressor-blade design, 1t is necesgary to use an equi-
valent constant axlal-velocity dlagram based on the mean of the
entrance and exit axlsl velocities (reference 6). A summary of
the blade design is presented in the followlng table:
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.Guide vane

Hub - Mpan Tip
Radius ratio, leading edge 0.747 0.906 1.000
Chord, in. 1.43 1.76 1.97
Included angle, deg 19.3 23.9 26,8
Solidity 1.740 1,765 1,790
Incident angle, deg o . : o -0
Blaede thickness, in. 0.08 .06 0.06
Blade sectlion Circular arc, 4.25-in, radius
Number of blades 40 |

Rotor blade

Hub Mean Tip
Radius ratio, leading edge | , 0.800 0.906 1.000
Turning angle, deg _ 39.7 31.2 23,4
Angle of attack, deg 25.6 18.7 15.7
Relative inlet Mach number 0.668 0.704 0.740
Stagger angle, deg 45.0° 43.1 52.8
Chord, in, 1,35 1.35 1.35
Solidity 1.69 1.50 1.35
Blade section . 65-(20.8)06|65-(16.0)06|65-(13.1)06
Number of blades 44

Stator blade

Hub Mean Tip
Radiuve ratlio, leading edge ¢.832 0.906 1,000
Turning angle, deg 3l.2 30.7 29.5
Angle of attack, deg 17.4 16.75 15.8
Stagger angle, deg 47.2 47,7 43,1
Absolute inlet Mach number 0.734 0.702 0.664
Chord, in. 1.35 1,35 1.35
Selidity 1.69 1.56 1.41
Blade section 65~(13.8)06/65~(13,8)06|65~-(13.8)08
Number of blades 46

These blades were Installed in a variable-component exlal-flow
compressgor having a constant tip diameter of 14,00 inches. The
hub profile, designed from continuity using an isentropic campres-
slon process and the previous design assumptions, resulted in a hub

1239



6221

NACA RM ES0A09 G 5

diameter thet veried from 10.464 inches at the guide-vane Inlet to
12.100 Inches at the outlet survey station. Tip and hub clearance
for the rotor and stator blades, respectively, was approximately
0.015 inch.

APPARATUS AND INSTRUMENTATION
Compresgor Ingtallation

A schematic drawing of the compressor installation is pre-
gented in figure 2., Ailr entered from the test cell through a
thin-plate orifice mounted on the end of an orifice tank and flowed
through a butterfly wvalve into s depression tank 4 feet in dlameter
and 6 feet long. A series of screens and a 3- by 3-inch honsycomb
were used in the depression tank to obtein smooth, uniform flow
into the bellmouth inlet of the compressor. The alr was discharged
from the- compressor through a collector Into dual outlets connected
to the laboratory exheust system. The air flow was controlled by
a butterfly wvalve in the outlet ducting.

The compressor was driven by a 400-horsepower, 20,000-rpm
dynamometer.

Instrumentatlion

Instrumentation was provided in the depression tank, after the
guide vanes, and at the compressor outlet to meagure over-all per-
formance. (See fig. 2.) Preliminary clrcumferentlial surveys were
made in order Lo locate the survey lnstruments so that they werse
removed from the wekes of upstream stationary blades and instruments.
The circumferential surveys consisted of radial surveys of static
pressures, total pressures, and flow angles spaced circumferentially
at 19 intervals over a total of 12°, and were made for various
welght flows and speeds. All radial surveys were made at slx
radial positions. The four maln rsdisl poslitions, b, ¢, 4, and e,
were. located at the center of four equal-area lncrements. Two
additional positions, a and f, were located 1/16 inch from the tip
and hub walls, respectively. (See table I.)

Station 0 was located in the depression tank. Because of Tthe
size of this tank, pressure and temperaturse measurements were
assumed to be stagnation values. Temperatures in the depression
tank were measured by four thermocouple probes, each of which con-
tained four thermocouples. Three wall taps were used to measure
static pressures.
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Station 1 was located approximeiely 1/4 chord-~length upstream
of the rotor blades., Because the total temperatures were assumed
to be constant across the gulde vanes, no temperature measurements
were made at statlon 1. Radlal surveys of total preasure end flow
angles were made with a combilmnation claw total-pressure probs
(fig. 3(a)); static-pressure surveys were made with a miniature
wedge-type static-pressure probe (fig. 3(b)})}. Orientation of the
static-pressure probes wlth the flow angle at statlons 1 and 3 was
accomplished by balancing the presasure obtained from separate
static-pressure taps on each slde of the wedge.

No messurements were made at station 2,

. Compressor-outlet measurements were made at statlon 3, approx-
imately 0.8 chord-length downstream of the stator blades. In
order to permlt the measurement of the energy added Yo the air by
the rotor blades, a high degree of accuracy was required in the
meaaurement of the total-temperature rise from station O to sta-
tlan 3. TFor this reason, the thsrmocouples in each of the four
radial rakes at station 3 were commnected differentially with those
at gtatlion O in such a mammer as to measure an average circumfer-
ential value of the temperature rise across the compressor at each
of four radii. Omne of the thermocouple rakes is shown in fig-

ure 3(c¢}. Total-pressure measurements were obtalned from four
15-tube clrcumferentlsl rakes (fig. 3(d)) distributed about the
periyhery of the compressor. Each rake was located at one of the
four radial positions, and was formed of 0.030-inch tublng spaced
0.080 inch between centers; each covered & complete blade passage.
In addition, a single radlal survey of total pressure was obtained
with a combination claw total-pressure probe, Statlic-pressure
measurements at station 3 were cobtained from a single radlal survey
with an I-type static-pressure probe (fig. 3(e)). In addition,
wall static taps were provided on both the inner and outer walls.
Flow angles were obtained by means of a single radial survey with
& combination claw total-pressure probe. A summary of the instru-
mentatlion is given in table I.

All sgtatic~ and total-pressure measurements were made differ-
entlally sgalinst the inlet depression-tank pressure., All static-~
pressure probes were Individually callbrated agalnst Mach number.
Because of the high asccuracy required for the temperature measure-
ments, 1t wae necegsary to callbrate the themmocoupls rakes for
variation with total pressures as well as with Mach number.

1239
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Alr flow through the compressor was measured wlith a standard
thin-plate orifice at the intake end of the orifice tank. Com-
pressor speeld was measured. by & precision~-type tachometer.

The estimated sccuracy of the meassurements ls as follows:

Pressure, percent of dynamlc pressure . . « « o« o « =« o« o o «
Absolube air angles, deg . . . ¢« « ¢ + ¢ « o
Inlet temperature, OF . . . o ¢ o o ¢« s s ¢ « &
Total-temperature rise across campressor, °F .
Compressor speed, percent . . . . « ¢ ¢ « & «
Weight flow, percent . . . « & ¢« ¢ ¢ ¢« o o« ¢ « &

- L) . -
.

Comparison of integrated welght flows downstream of the stator
bledes with the orifice welght flows provided a check on the accu-
racy of instrumentation. These integrated welght flows checked
with the oriflce values within *2.0 percent over the entire flow
renge except near surge.

PROCEDURE
Operating Conditions

For this investigation, the equivalent tip speed Ty /Je was
varied from 418 to 836 feet per second, corresponding to & range of
50 to 100 percent of design speed, respectively. The pressure in
the depression tank was maintained constant at 25 inches of mercury
absolute for all flows and speeds. Al each speed, the alr flow was
varied from the maximum obtaingble with the given inlet pressure to
surge. For egulvalent tip speeds of 418 and 502 feet per second,
there was no audlble surge and the alr flow was decreased to blade
stall as Indlicated by the negative slope of the pressure-ratio
curve.

Methods of Calculation

Total-presgure ratioc. - The total-pressure ratlo used in this
iInvestigation was obtained from a mass-flow weighted average of the
isentropic energy input integrated across the flow passage (refer-
ence 6).

Adisbatlc efficiency. - The adiabatic efficiency used in eval-
uating the compressor performence is calculated from a mass-flow
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welghted average of the total-temperature rise across the compressor
and e mass-flow welghted average of the total-pressure ratlo (ref-
erence 6), oo

RESULTS. AND DISCUSSION
Total-Presgsure Ratic

The over-all total-pressure ratio P /P is plotted against

the corrected welght flow W+/6/8 in.figure 4, The dashed curve
indicates the flow conditlon for design angle of attack of the air
entering the rotor blades at the mean radlus. Design flow condi-
tions occur at the approximate center of the effective flow range,
shifting slightly toward the high-flow reglon at the higher speeds.

The surge limits of flow are also given, At the three higher
speeds, an audible surge aend very unstable flow condltions were
encountered at flows slightly below the minimum values presented.
At the two lower speeds, no audible surge occurred over the flow
range Investigated, but asmall fluctuatlions in flow conditions at
the lowest flows indlicated that unstable operation was imminent.

At the deslgn speed of 836 feet per second, a peak-pressure
ratio of 1,445 was obtained and for design angle of attack at the
mean radiua, a pressure ratio of 1,392 was obtained. The pressure-
ratio and welght-flow relatlon calculated from design values and
the experimentally obtained adisbatlic efficlency of 0.88 is 1.342
at 13.17 pounde per second and ls indicated by the plus slgn on
figure 4, but the actual pressure ratio obltalned at this welght
flow is considerably above this value. This deviation Indicates
a greater smount of turning of the air by the rotor blades then
the design turning value., The bladée settings were designed from
low-speed cascade date, and the turning for a given blade config-
uration increases sbout 1° with an increase in Mach number from the
value of the cascade tests to that of the rotor tests (reference 2),
The effect of this increase in turning, however, would increase the
proedilcted pressure ratio to omly 1.354., Imasmuch as little cascade
date are available, particularly for blades with 6-percent thick-
neds, the remalning discrepancy between the predicted and measursd
pressure ratios can be attributed to an inadequacy of cascade data
and to lnadequate corrections for three-dimensional effects, such
as variations in axlal veloclty across the rotor-blade row.
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Adiabatlc Efficlency

The mass-flow weighted average adlabatlc efficlency for all
speeds investigated is plotited agalinst corrected weight flow in
figure 5, The design flow condition at the mean radius entering
the rotor is indiceted by & bar on each efficliency curve. At the
three higher speeds, the efficlency is nearly constant over an
appreciable range of corrected welght flows. At design speed,
this welght-flow range corresponds to ao. range of angle of attack

at the mean radius from 6° sbove to 2= below the design valuse.

N

The design cambers and angles of attack were chosen to give
the flattest pressure distributions for the required turning
angles and were obtained from references 3 and 4. These values
represent the approximate center of the low-drag region of the
range of angle of attack as well as the epproximete angle of attack
for the maximum critical Mach number for a glven -camber., At all
speeds presented, the peak efflclency of thls compressor occurs on
the low-flow side of the design point. For Mach numbers below the
critical value, ‘the maximum blade lift-drag ratio and therefore
the maximum efficlency will occur at a higher angle of attack than
the cascade design value; therefore the pesk efficiency In this
compressor occurs at a flow below the design value. At design
speed, a peak efficiency of 0.89 and an efficiency of 0.88 at
design flow conditions were obtained., The pressure ratlo obtained
with this single~ptage compressor is equivalent to that obtained
In two or three stages of a current commercial multistage com-

, pressor, and the efficiencies obtained are ccmparable.

The reletive Mach number and angle of attack entering the
rotor for three corrected weight flows at deslgn speed are plotted
againgt the radius ratio in figure 6. Thils weight-flow range
covers the good efficlency range for this speed. The curves for
design angle of attack and design relative Mach number are shown
by the dashed lines for comparison. The distrlbubtlon of the angle
of attack approaches the design distribution over the Inner por-
tion of the passasge, but a sharp increase in angle of attack
occurs in the outer portion of the passage due to an underturning
through the guide vanes and a decrease In the axial vslocity in
this portlon of the passage. The distribution of the relative
Mach number approaches the design distribubtion closely except in
the outer portion of the passage.

The sbsolute Mach number and absoclube alr angle at station 3
and the blade-element efficliency for the same three corrected

- .
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welght flows at design speed are plotied against radius ratio in
figure 7. The distribution of the Mach number at station 3
approaches the design distribution over the main portlion of the
passage with the slope of the experimental curves being slightly
greator than that of the deslign curve over the Inner portion of
the paassage.

The air-flow angles at station 3 are nearly the same for the
two higher flows, as shown in figure 7; at the lowest flow, how-
ever, all the flow angles are greater. This. increase in flow
angle occurs at the extreme low-flow end of the good-efficiency
renge snd indicates stator-blade stall and reduced turning through
the stator resulting from too high an angle of attack.

The flow angles at station 3 are low compared with design
velues over most of the good-sfficlency flow range and are par-
ticularly so over the inner portion of the passage due to a greater
emount of turning through the stator than the deasign value. This
increased turning can be attrlbuted to the same factors that pro-
duced the turning of higher-than-design value through the rotor.

The drop in efficlency in the qubter half of the passage can
be attributed to losses due to boundary-layer flow in both the
rotor and the stator, rotor-tip clearance losses, and mismatching
of the rotor- and stator-blade rows due to the high angle of
attack on the rotor hlades in the outer portlon of the pasasage.
The rotor and stator blades were desligned for uniform loazding.
The poor distribution of angle of attack near the tip of the rotor
bledes caused nonuniform blade loading, which could result in
secondary losses due to induced vortices over the outer portlon
of the passage.

-

Application to Multistage Compressors

The results of this investigation show that it la possible %o
deslgn blades that will produce considerably higher stage pressure
ratios with acceptable efficiency than those produced in current
commerclal compressors. All stages of a multistage compressor,
however, cammot be operated at pressure ratios of this magnltude.
In the inlet stages, where the hub-tip ratios are low, the large
variations in flow and 1n blade speed from hub to tip do not
permit the high pressure ratlos that can be obtained in stages
wlth higher hub~tip ratlos. The attaimment of high stage preassure
retios necessitates high equivalent rotor speeds, large relative
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inlet-air angles, and high relative inlet Mach numbers. Inasmuch
as the equlvalent rotor spesd decreases through multistage axial-
flow compressors because of the rise in temperature, it may be
necessary to operate the Inlet stages at equivalent tilp speeds and
relative inlet Mach numbers higher than the optimum for maximum
pressure ratico in order to permit the later stages to be operated
et the optimum values. The compromise between the entrance and
exit-stage pressure ratios can be determined on the basis of the
minimum number of stages requlred to obtein the desired over-all
pressure ratio. Application of optimum camber and relative Mach
numbers should result in an apprecisble dec¢resase in the number of
stages required in a mulilstage axliel-flow compressor.

SUMMARY OF RESULTS

From the investigation of the over-all performance of a com-
plete stage of an axial-flow compressor designed for a high pres-
sure ratio by the optimum combination of relative inlet Mach number
and blade camber, the following results were obtained:

(1) At design speed of 836 feet per second, a peak total-
pressure ratlio of 1,445 was obtained. At deslign angle of attack
at the mean radius, & total-pressure ratlo of 1.392 was obtained
as compared with the predicted value of 1.342, The discrepancy
between the predicted value and the experimental value could be
rartly attributed to the increase in turning angle that accompanies
high inlet Mach numbers, and pertly to insufficient cascade data
and inasdequate allowance for three-dimensionsl flow effects.

(2) At design speed, the mass-flow weighted average efficlency
remalned almost constant over a range of flows corresponding to a
change in anglg of attack on the rotor bhlades from approximately

8° above to 232'- below the design angle of attack.

(3) The peak efficiency of 0.89 was obtained et approximately
the same flow at which the peak pressure ratio was obtained. At
the design point an efficlency of 0.88 was obtained.

Lewis Flight Propulsion Laboratory,
National Advisory Commlttee for Aeronautics,
Cleveland, Chio.
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APPENDIX - SYMBOILS

The followlng symbols are used in this report:

Bf

AB
AB!

Nag.

blade sectlon chord, It

total pressure, 1lb/sq £t absolute
redius, It

radlus ratio

blade spacing, £t

blade velocity at eny radius, ft/sec

equivalent tip speed corrected to standard FACA sea-level
conditions, ft/sec

absolute alr velocity, ft/sec
alr velocity relative to rotor, ft/sec
welght flow, 1b/sec

weight flow corrected to stendard NACA sea-level con-
ditions, 1b/sec

absolute stagger angle, angle between compressor axis and
absolute air velocity, deg

relative stagger angle, angle between compressor axls and
relative ailr velocity, deg

absolute turning angle in gulde vanes, deg
relative turning angle in rotor, deg

ratio of absoclute pressure to standard NACA sea-level
absolute pressurs

mags~flow weighted average adiabatlic efficlency

raetilo of absolute temperature to standard NACA sea-level
absolute temperature

1239
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7] included angle of circular arc, deg

Subscripts:

0 inlet measuring station

1 after guide~vane measuvuring station

2 station after rotor

3 outlet measuring station

] tip radlus '

Z axlal
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TABLE I -~ SUMMARY OF INSTRUMENTATION
Station| Redlal |Measurement Instrument Circumfer-T
measuring ential
position . positions
(in.) :
Inlet Total. Wall taps 3
tank, O pressure
Total Thermocouple probe 4
temperature
After 8-6.932 |Total Claw total-pressure probe, 1
guide b-6.836 |pressure radial survey
vanes, | c-6.495 [Static Miniature wedge-type static- 1
1 d-6.136 |pressure pressure probe, radial survey
;“g'ggg : Wall taps, outer wall 5
T Flow Claw total-pressure probe, 1
angle radlal survey
After a-6.932 |Total 15-tube circumferential total- 4
gtator ;| b-6.8390 (pressure ‘pressure rake, radial
blades,| c-6.663 | positions b, ¢, 4, and ¢
3 d-6.429 Clav total-pressure probe, 1
e-6.185 radlal survey, all radial
f£-6.133 positions
Static L-type static-pressure probe, 1
pressure all radlal positions
Wall taps, outer wall 5
Wall taps, inner well 2
Flow Claw total-pressure probe, 1
angle radial survey, all radial
positions
Total Thermocouple rake, radial 4
temperature| positions b, c, 4, and e

1239
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Figure 5. - Variation of adiabatic efficiency with corrected welight flow,
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