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DESIGN AND PERFORMANCE OF A 1400-FOOT-PER-SECOND-TIP-SPEED
SUPERSONIC COMPRESSOR ROTOR

By John F. Klapproth, John J. Jacklitch, Jr.,
and Edward R. Tysl

SUMMARY

A supersonic compressor was designed for a tip speed of 1400 feet
per second, a pressure ratio of 2.0, and a corrected weight flow of 30.35
pounds per second. The rotor was designed for equal distribution of
static-pressure diffusion across the rotor and the stator based on recov-
ery of the relative inlet dynamic head. Rotor-blade profiles and hub
contour were obtained from a channel-flow design approach. Maximum blade

i
thickness was 45 percent chord.

Over-all performance results of the rotor alone at design speed gave
a pressure ratio of 2.17, an adiabatic efficiency of 89 percent, and a
weight flow of 28 pounds per second. Maximum efficiency of 94 percent
was observed at 82 percent design speed with a pressure ratio of 1.65.
Performance characteristics were similar to those of conventional subsonic
and transonic rotors with a range in weight flow at good efficiency for
all speeds.

Inlet relative Mach numbers were supersonic across the entire blade
span For speeds of 90 percent design and asbove. There were no appreciable
effects of Mach number on blade-element losses below 90 percent of design
speed. At 90 percent design speed and above, there was an increase in the
relative total-pressure losses at the tip. However, based on rotor diffu-
sion factor, these losses for Mach numbers up to 1.35 are comparable with
the losses in subsonic and transonic compressors at equivalent values of
blade loading.

INTRODUCTION

The investigations of supersonic axial-flow compressors (i.e., com-
pressors having supersonic velocities relative to any blade row, refs. 1
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and 2) have been confined largely to two different types. The shock-in-
rotor compressor with subsonic stators was considered as being capable

of pressure ratios up to about 3:1. The impulse type with supersonic
velocities throughout the high-turning rotor passages to give supersonic
velocities entering the stator is theoretically capable of very high stage
pressure ratios of 8 and above (refs. 3 and 4).

Experimental performance of the shock-in-rotor type has generally
shown poor rotor performance with observed pressure ratios well below de-
sign and a severe redistribution of the flow toward the root (refs. 5 to
9). Performance has generally been so poor as to make stage tests of
little interest.

The experimental results of the impulse-type rotors when tested alone
have shown that high energy input can be accomplished with a reasonable
efficiency (refs. 10 to 12). The energy imparted, however, is almost en-
tirely in the form of kinetic energy with stator-inlet Mach numbers
well sbove 1.0. Attempts to convert this into pressure by deceleration
through Mach 1.0 in the stators have resulted in severe reductions in ef-
ficiency and pressure ratio (refs. 13 to 15).

The distribution in static-pressure rise across the rotor and the
stator for both types is considerably different than that usually obtained
in subsonic compressors (e.g., for the symmetrical velocity diagram where
the static-pressure rise is’distributed equally across rotor and stator).
The shock-in-rotor compressors were frequently designed for a larger
static-pressure ratio across the rotor than total-pressure ratio across
the stage. For the impulse-type rotor, the design static-pressure ratio
across the stators was very nearly equal to the stage total-pressure
ratio.

The poor performance of the supersonic-compressor types previously
discussed can be attributed largely to flow separation which, in turn,
results from attempts to obtain too high a static-pressure rise across
the blade row. Improvement in performance of supersonic compressors can
be anticipated if the static-pressure rise across the blade row is lim-
ited to values less than those associated with shock boundary-layer in-
teractions that lead to flow separation (refs. 16 and 17). In addition,
the highest pressure ratios consistent with good efficiency will be ob-
tained when the maximum static-pressure rise without separation 1s ob-
tained across both the rotor- and stator-blade rows. This report presents
(l) the general considerations leading to the selection of a rotor design
point based on a distributed static-pressure rise across both the rotor
and the stator, (2) the design of the rotor, and (3) the over-all and
blade-element performance of the rotor alone.

CONFIDENTTAL

3381




T8CE

CQ-1 back

NACA RM ESSAZ7 CONFIDENTTIAL 3

SYMBOLS
The following symbols are used in this report:
a,b constants used in describing blade mean line
D diffusion factor

AH work input

h ratio of stream-filament thickness to stream-filament thickness
at inlet to compressor

il incidence angle, deg

M absolute Mach number, ratio of absolute gas velocity to local
velocity of sound

M! relative Mach number, ratio of gas velocity relative to rotor
to local velocity of sound

Mmp tip speed, made dimensionless by inlet stagnation velocity of
sound

n number of blades

12/ total pressure, made dimensionless by upstream stagnation pressure

12 relative total pressure, made dimensionless by upstream stagnation
pressure

P static pressure, made dimensionless by upstream stagnation pressure

Q velocity ratio, made dimensionless by upstream stagnation velocity
of sound

R radius ratio, radius r made dimensionless by tip radius

r Badiuss, Eniiorsf

Os differential in distance along streamline, made dimensionless

by tip radius

t blade thickness, made dimensionless by tip radius
U rotational speed, ft/sec

') absolute velocity, ft/sec

N velocity relative to blade row, ft/sec
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W  weight flow, 1b/sec

X axial distance, in.

z axial dimension, made dimensionless by tip radius

B absolute air-flow angle measured from axis of rotation

B relative air-flow angle measured from axis of rotation

Y ratio of specific heats

o) ratio of inlet total pressure to NACA standard sea-level pressure

8° deviation angle, deg

n adisbatic efficiency

6 ratio of inlet total temperature to NACA standard sea-level
temperature

6° air turning angle, change in relative flow angle from inlet
to outlet of blade row

de differential in tangential direction (positive in direction of
rotation)

o) density made dimensionless by upstream stagnation density

(o] blade solidity

® angle between streamline and axis of rotation measured in
Rz plane

v dimensionless static-pressure recovery, 2R or s~ e

Rl

) relative total-pressure loss coefficient (ref. 18)

Subscripts:

h hub

m mean condition on mean streamline

P pressure surface of blade
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R rotor

r radial component

S stator
s suction surface
t tip

z axial component

2] tangential component

0 station in inlet plenum tank

al station at rotor inlet

2 station 1 in. downstream of rotor

3 station 9.7 in. downstream of rotor

COMPRESSOR DESIGN

General considerations. ~ The range of pressure ratios theoretically
available at a rotor speed of 1400 feet per second with no guide-vane
turning and an axial inlet Mach number of 0.7 is shown in figure 1(a).
The isentropic total-pressure ratio is plotted against the rotor turning
angle for various values of rotor-outlet relative Mach number. Values
are shown for the dimensionless static-pressure recovery ¥, defined as
the ratio of the static-pressure rise to the difference between the inlet
relative total pressure and the inlet static Pressure. Contours of con-
stant static-pressure recovery in the stators resulting when the stators
diffuse to the rotor-inlet absolute Mach number are also shown.

Shock~-in-rotor supersonic-compressor designs have generally been
characterized by a diffusion to subsonic relative outlet Mach numbers of
about 0.7 with only moderate rotor turning. This design is seen from
figure 1(a) to result in large amounts of diffusion (wavo.S). If the sta-

tors are designed for an outlet Mach number equal to the gbsolute rotor-
inlet Mach number, then, from figure 1(a), Vg 1s very small and can even

be negative. The impulse rotors have been characterized by a large amount
of turning in the rotor with very little rotor diffusion. A large amount
of diffusion is then required in the stators.
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From the standpoint of a complete stage, a more reasonable design
would be to distribute the static-pressure rise across both the rotor and
the stator. In general, the Mach numbers relative to the rotor- and
stator-blade rows can be considerably different. Under these circum-
stances a reasonable method of distribution would be on the basis of V,
the recovery of the relative inlet dynamic pressure.

The theoretical total-pressure ratios available with rotor speeds
from 800 to 1600 feet per second for the case of equal static-pressure
recovery across rotor and stator are shown in figure 1(b) plotted against
rotor turning angle. These curves are based on equal Mach numbers at the
inlet and outlet of the stage. Contours of constant pressure recovery
and stator-inlet angle are also shown. The pressure ratio that can be
obtained efficiently at any given rotor speed will then depend upon the
maximum static-pressure recovery that can be obtained without flow
separation.

Low-speed cascade data indicate that an increase in losses occurs
with pressure recoveries above about 0.4 to 0.6 (fig. 3(e), ref. 18) with
considersble variations at different staggers and solidities. A more
desirable loading parameter was found to be a diffusion factor defined
as (ref. 18)

Vs AV
2 e
Dis L

Cascade data indicated that a sharp rise in losses occurred for diffusion
factors above about 0.6. In addition, rotor loss data, when compared with
D for the rotor tip, indicated that a significant rise in tip losses oc-
curred at about 75 percent of the two-dimensional cascade limiting value.
A corresponding reduction in allowable tip loading can be expected by
using a pressure recovery as a loading parameter. A direct relation does
not exist between ¥ and D for the general case since a blade-loading
term and solidity are involved in D and not in V. However, for the
conditions of constant axial velocity, inlet flow angle of 600, and solid-
ity of 1.0 (which is representative of tip condition), a reduction in D
from 0.8 to 0.45 has a corresponding reduction in ¢ from 0.6 to 0.48.
Thus, a design utilizing a pressure recovery of about 0.3 to 0.4 can be
expected to give reasonable performance. In view of the better correla-
tion of losses with diffusion factor, the design should be reevaluated
using the diffusion factor for both the rotor and the stator, once the
solidity and axial-velocity ratios have been selected.

For the rotor used in this investigation, a pressure recovery of Ofs&te
was selected, equal in both rotor and stator, with the stator-outlet Mach
nunber equal to the rotor-inlet Mach number. For the design tip speed of
1400 feet per second, this resulted in a rotor work input corresponding
to an isentropic total-pressure ratio of 2.3 (fig. 1(b)).
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Rotor-blade shape. - The selection of the rotor tip speed of 1400
feet per second, the axial inlet Mach number of 0.7, and the static-
pressure recovery of 0.33 in both rotor and stator tip resulted in the
following rotor relative inlet and outlet conditions at the tip:

Inlet Outlet

Mach number | 1.487 1.04 |
Flow angle, 61.93 | 44.02
deg

This combination of Mach number and angle change requires an appreciable
contraction of the flow annulus in order to satisfy continuity. If a 10-
percent sllowance at the outlet is made for the blade wake and boundary
layer, then the outlet passage height along the tip streamline must be
reduced to 61 percent of the height at the inlet.

The requirement of an appreciable contraction of the annular passage
height, in addition to the mixed subsonic and supersonic flow field that
will exist, makes an accurate computation of a blade shape from a pre-
scribed loading distribution or a desired flow pattern impractical if not
impossible at present. Consequently, an spproximate design system based
on the channel-flow approach (ref. 19) was applied. The procedure fol-
lowed very closely that described in reference 1l.

The method of solution utilizes two equations: (l) the continuity
equation in the form

R1071Qp cos By X RppQph cos B! ( 3 _EE> (l)
1J17+ coszﬂi tanzwl W/i + coszs‘ tanzw

2nR

and (2) an equation developed from the condition of zero absolute circu-
lation (ref. 20)

B8 A0 e _c.1_< o DR S >R(1-_n_t>

2% 27R
4Ji + coszﬁ'tanzw‘ dz N/l + COSZB‘tanZQ

(2)

The mean velocity is assumed equal to the arithmetic average of the blade
surface velocities, and the flow angles at any axial position are assumed
equal to the mean flow angle.

These two equations involve five variables: (l) the mean-velocity
distribution, (2) the mean flow angle, (3) the blade thickness distribu-
tion, (4) the annular contraction of the stream tube height, and (5) the
blade surface-velocity distribution. For the rotor reported herein, the
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mean-velocity distribution was prescribed. The mean flow angles and the
blade thickness distribution were prescribed initially and modified as
necessary to obtain an acceptable annular contraction of an incremental
stream tube and the blade surface-velocity distribution. In order to
match the prescribed inlet and outlet relative Mach numbers, the mean-
velocity distribution requires a reduction in Mach number from 1.487 at
the entrance to very close to 1.0 at the exit. The attainment of this
deceleration in actual flow without shocks in a uniformly convergent pas-
sage is impossible in a two-dimensional open-throat-type diffuser (ref.
21) because of stability requirements. However, the use of a spiked-
diffuser principle, whereby the flow is decelerated ahead of the closed
or covered portion of the rotor-blade passage, should be applicable (ref.
8). Consequently, a mean-velocity distribution simulating that occurring
in a cascade utilizing the spiked-diffuser principle was prescribed as
one of the conditions. The resulting distribution required a rapid de-
celeration starting at the blade leading edge, as shown in figure 2(a),
where the mean velocity at the rotor tip, shown as a ratio of the rela-
tive velocity to the upstream sbsolute stagnation sonic velocity, is
plotted against the axial distance through the rotor.

A linear varistion of tangent PB' Dbetween the inlet flow angle and
the desired outlet flow angle was specified as

{4
Eé%gi_ a %% = a + bz (3)

The constants a and b were determined to satisfy the prescribed inlet
and outlet angles. The resultant flow path at any radial section is then
parabolic.

The blade thickness and streamline contraction through the channel
were obtained from the continuity equation, and they had the final dis-
tributions shown in figures 2(b) and (c). The blade surface velocities
may be estimated by using equation (2). The blade=-loading distribution
for 19 rotor blades is shown in figure 3.

The flow mean line for all streamlines other than at the tip were ob-
tained by recomputing the constants a and b of equation (1) to match
the inlet and outlet angles. The outlet angle was obtained from the re-
quirement of equal work input along the radius. The thickness distribu-
tion shown in figure 2(b) was used for all sections.

In order to obtain the rotor-blade shape from the prescribedlghick-
ness distribution and the flow mean line, an incidence angle of 2§ was

assumed (based on the results of ref. 22). The blade mean line was faired

forward from 2z = 0.15 (the approximate location of ghe entrance to the
1
closed or covered part of the passage) to a value 22 less than the desired

inlet flow angle at the leading edge. The boundary-layer allowance was
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made entirely on the suction face of the blade, with the growth arbitrar-
ily assumed to vary parabolicly along the blade surface. The blade shape,

shown in figure 4, had a maximum thickness approximately 4% percent of

the chord with the position of maximum thickness agbout 50 percent of the
chord from the leading edge.

Hub contour. - The hub contour was obtained by computing successive
stream filaments from the tip toward the hub. The conditions of radial
equilibrium in the form

1 dp  (MpR + Q)% 3,
e e L TR

and continuity in the meridional plane based on the mean flow conditions
were satisfied in the same manner as described in reference 1ll. The hub
contour resulting from these calculations is shown in figure 4(b). The
blade coordinates and hub contour defined in figure 4(a) are shown in
Gabille N,

APPARATUS AND INSTRUMENTATION

Compressor rotor. - The compressor rotor (fig. 5) was machined from
a solid 14S-T aluminum forging. The rotor had a constant tip diameter of
16 inches, 19 blades, and an axial depth of 2.48 inches. The entrance
hub radius ratio was 0.7; the tip solidity was 1.3. The compressor did
not have inlet guide vanes or exit stators.

Compressor test rig. - The compressor test rig (fig. 6) consisted of
an inlet tank (7.5 ft in diam. and 15 ft long), the compressor test sec-
tion, the outlet-air collector, and the inlet and exhaust ducting.

The rig could be supplied with either refrigerated air or room air
which was exhausted to either the altitude or atmospheric exhaust system.

The compressor was driven by a 6000-horsepower variable-frequency
electric motor through a speed-increaser gear box.

Instrumentation. ~ Standard instrumentation was installed in the in-
let tank to measure the inlet stagnation pressures and temperatures ac-
cording to the method described in reference 23. Survey data were taken
at eight radial positions at each of two stations downstream of the rotor.
The stations were located approximately 1 inch and 9.7 inches downstream
of the intersection of the blade trailing edge and the rotor hub. The
data taken and the instruments used to obtain the data at each station
are: (1) static pressure by a self-balancing L static probe, (2) total

CONF IDENTTAL




10 CONF IDENTIAL NACA RM ES55A27

pressure and flow angle with a conbinstion probe at station 2 and a minia-
ture claw probe at station 3, (3) total temperature with a self-balancing
spike-type thermocouple probe, and (4) static pressures by four taps ap-
proximately 90° apart in both the inner and outer walls.

Fifty-three pressure taps were located in the outer wall to read the
static pressures from 4 inches upstream to 13 inches downstream of the
rotor leading edge. These taps were 1/4 inch apart in the viecinity of
the rotor and instrument measuring stations and 1/2 inch apart in the
other sections. Static taps were located at corresponding locations in
the inner wall, except on the rotor hub.

The weight flow was measured by three separate means: (1) An A.S.M.E.
orifice with standard radius taps in the 24-inch-diameter downstream piping
system. The total pressure and temperature were measured at the upstream,
radius tap, station. (2) A total-pressure rake 1.1 inches upstream of the
rotor and the inner- and outer-wall static pressure. (3) The survey data
at stations 2 and 3.

Station 1 was located 0.10 inch upstream of the rotor. In was in-
strumented with four static taps approximately 90° gpart circumferential-
1y on both the inner wall and outer wall.

PROCEDURE

The compressor rotor was operated at seven speeds from 50 percent to
100 percent of the 1400-foot-per-second design tip speed. The weight-flow
range was covered from open throttle to audible surge at each speed. The
orifice readings, static pressures, and radial surveys at stations 2 and
3 were taken at each point. The integrated weight flow at stations 2 and
3 was computed as a check on the orifice reading as well as on the survey
instruments. Momentum efficiencies were also computed as a check on the
survey instruments and thermocouple readings. The blade-element data,
mass-weighted total-pressure ratio, and mass-weighted adiabatic and mo-
mentum efficiencies were computed as described in reference 22. The per-
formance of the rotor is presented based on the orifice corrected weight
flows and the thermocouple temperature readings.

The streamlines, for the blade-element calculations, were assumed to
be at radii of equivalent percentage passage height at each station, that
is, assuming a linear variation in pV,.

ROTOR PERFORMANCE
Average Rotor Performance

The mass-weighted rotor pressure ratio and efficiency based on the
survey data taken at station 2 are shown in figures 7 and 8, respectively,
plotted against the corrected weight flow based on orifice measurements.
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The peak efficiency rotor operating point occurred at 82 percent speed
(Up = 1148 ft/sec) where a rotor efficiency of 94 percent was observed

at a pressure ratio of 1.65. At the design speed of 1400 feet per second,
the peak efficiency dropped to 89 percent at a rotor pressure ratio of
2.17. Maximum pressure ratio at design speed was 2.21.

The characteristics of the weight-flow range of this rotor compare
closely with those of typical subsonic and transonic rotors. There were
no apparent discontinuities in pressure ratio between maximum and min-
imum flow at any speed. The constant weight-flow characteristic associ-
ated with design operation of supersonic shock-in-rotor compressors is
not obtained, either because of the lower inlet relative Mach number or
because the rotor operational characteristics can be expected to be dif-
ferent depending on the type of wave configurations (external or internal)
that exist. The maximum weight flow at design speed was below the design
value of 30.5 pounds per second.

Radial-~Flow Variations

Inlet. - Because of the rotor hub curvature and the required hub
fairing section ahead of the rotor, a variation in inlet velocity at the
rotor inlet can be expected. The flow variation obtained experimentally
is shown in figure 9 compared with the variation assumed in the design.
In order to obtain the velocity distribution from wall measurements, a
parabolic variation in static pressure between the hub and tip was as~-
sumed. The magnitude of the velocity variations at the rotor inlet is
seen to be sufficiently large, due to the large hub curvature, as to
warrant consideration in the design.

The radial variations of inlet relative Mach number and relative in-
let alr angle are shown in figures 10 and 11, respectively, for design
speed and pressure ratios of 2.2 and 2.0 (points A and C, respectively,
of figs. 7 and 8). The design inlet flow angle and the blade mean-
line angle are also shown in figure 1l. While the variations generally
follow the trend used in the design, the magnitudes of both Mach number
and relative angle are appreciably different from the design values. The
3° higher incidence angle causes a large reduction in the weight flow
from the design value. The change in incidence angle over the weight-
flow range is also seen to be less than 1°.

Exit. - The radial variations in outlet flow conditions were obtained
from surveys taken at station 2. The radial variations of total~pressure
ratio, adiabatic efficiency, absolute outlet Mach number, and sbsolute
outlet angle for speeds of 90 percent, 95 percent, and 100 percent of de-
sign are shown in figure 1l2. Except for the end regions the pressure
ratio is seen to be nearly constant across the radius for all speeds with
a slightly increasing pressure toward the tip at the maximum-pressure-
ratio condition. The efficiency falls off near both ends, with a gradual
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reduction along the outer radii starting near the midpassage. The design
condition of constant work input is thus not obtained, with larger-than-
design work input occurring near the tip and less than design near mid-
passage. The efficiency drop off near the inner and outer walls with as-
sociated reductions in axial velocity results in a gradual rise in outlet
air angle toward both rotor hub and tip. For maximum back pressure (point
A) at 90 and 95 percent design speed, the effect is most pronounced at the
tip and is felt well into the midpassage. At design speed, a marked rise
in angle occurs over the outer half of the passage for all pressure
ratios.

The Mach numbers entering the stators are slightly higher than con-
ventional for design speed. For 95 percent design speed, the average
free-stream Mach number for point B (PZ/Pl = 2.03) is 0.78 and the abso-

lute outlet angle is 40°. If the flow is returned to axial and diffused
to the same Mach number as entered the rotor, then the average stator dif-
fusion factor for a tip solidity of 2.0 is 0.45. The losses that might
be encountered with stators may be estimated by using the results of ref-
erence 24, where a diffusion factor of about 0.45 and an average turning
angle of 47° was obtained. At this point, however, the stators of refer-
ence 24 appeared to be operating well off the optimum incidence angle for
minimum losses. Even if the losses associated with this higher-turning,
off-optimum-incidence-angle operation of reference 24 are assumed, the
stage pressure ratio of 1.942 at an over-all efficiency of 84 percent
would be obtained.

BLADE-~-ELEMENT PERFORMANCE

The rotor performance is analysed by assuming a blade-element flow
as used in reference 22. The blade-element parameters considered were
total-pressure loss coefficient, relative Mach number, diffusion factor,
deviation angle, axial-velocity ratio, and adiabatic efficiency. These
parameters are given as a function of the blade-element incidence angle.

The blade-element parameters are reported at three radial positions,
tip, pitch, and hub. The tip and hub sections are taken to be 0.570 inch
from the wall at the rotor inlet and 0.340 inch from the wall at the rotor
outlet. These sections do not fall within the wall boundary layer as evi-
denced by the small radial variations in outlet Mach number (e1g. 127,

Performance as Function of Incidence Angle

Determination of incidence angle. - The radial static-pressure gra-
dient immediately ahead of the rotor was obtained by assuming a parabolic
distribution between the observed inner- and outer-wall static pressures.
The small radial velocity component was neglected. Survey data at the
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inlet to other rotors tested in the same facility indicated negligible
inlet whirl. The inlet air angle was computed by using the axial veloc-
ity and the wheel speed. The incidence angle was then obtained from the
inlet air angle and the measured blade angle.

Blade-element performance parameters. - The relative total-pressure
loss across the rotor was expressed as a ratio of the inlet relative dy-

namic head Pi - Py- This ratio @ is computed from equation (B9) of

reference 18 with the ideal relative total-pressure ratio of this equa-
tion corrected by using the inlet relative stagnation velocity of sound.

The inlet relative Mach number was computed from the axial velocity,
the wheel speed, and the velocity of sound determined from the inlet tank
total temperature and absolute inlet Mach number. The axial-velocity
ratio Vz,z/Vz,l is the ratio of the axial velocity observed at station

2 to the inlet axial velocity. The adiabatic efficiency n is based on
the measured temperature and pressure rise. The deviation angle 5 dis
based on ‘the measured blade angle, and the computed exit air angle is
based on absolute flow measurements.

The diffusion factor D was computed on the assumed streamline by
the method utilized in equation (13) of reference 18. The assumptions
leading to the velocity distribution used in deriving the diffusion factor
may not be strictly applicable in this case because of pressure disconti-
nuities caused by shocks. However, this parameter is useful in comparing
the over-all loading of this rotor with that of other rotors; and in the
absence of a better criterion, it might still be of use in correlating
blade losses.

The computations are based on the data obtained at station 2. The
over=-all results at station 2 and station 3 generally agreed within 2
percent, 3 percent being the maximum variation in the results between
these stations.

Tip performance. - The inlet relative Mach number at the tip section
varies from spproximately 0.9 to 1.35 for the speed range of 70 percent
to 100 percent as shown in figure 13.

The optimum (minimum-loss) incidence angle is nearly constant with
speed at a value slightly less than 5°. The total-pressure losses tend
to increase and the range of incidence angle for low losses decreases
sharply as the speed is increased (fig. 13).

The deviation angle (fig. 13) at 70 percent design speed, where
the inlet relative Mach number was less than 1, varied about 2°. The
deviation angle for the speeds where the inlet relative Mach number was
greater than 1 was nearly constant except for design speed.

CONFIDENTTAL
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The diffusion factors at incidence angles near optimum or minimum-
loss points were in the moderate range of values. The diffusion factor
increased rapidly with only slight increases in incidence angle at 90
and 100 percent design speed (fig. 13). The adiebatic efficiency fol-
lowed a trend that was the reverse of the relative total-pressure loss.
Maximum values of tip-section element efficiencies of 90 percent or bet-
ter were observed for all speeds. The axial-velocity ratio (fig. 13)
had a minimum value of 1.4 at 70 percent design speed. This high value
resulted from the large amount of annular contraction through the rotor
and the relatively low pressure ratio at 70 percent design speed. As
the speed and pressure ratio increased, the minimum value of .the axial-
velocity ratio decreased to a value slightly under 1.0 at design speed.
Maximum tip element efficiency at design speed occurred at an axial-
velocity ratio of about 1l.Z2.

Pitch performance. - The inlet relative Mach number at the pitch
section ranged from 0.8 to 1.25. The loss was practically independent of
Mach number (fig. 14) and had a rather low value even for the high in-
let relative Mach numbers. The optimum incidence angle for design speed
appeared slightly higher than the part-speed optimum incidence angles.
The trend, however, is not as marked as other investigations have indi-
cated (e.g., ref. 24).

There was little significant trend of deviation angle (fig. 14)
other than an increase of slightly over 1© at design speed over the val-
ues observed at part speeds.

The diffusion-factor (fig. 14) trend at the pitch section was
similar to that at the tip section but at lower values. The efficiency
was very high and, in general, remained high over the range of incidence
angles encountered (fig. 14).

The axial-velocity-ratio trend (fig. 14) was also similar to that
at the tip section. However, at this section, minimum values of axial-
velocity ratio occurred near peak efficiency for all speeds. At design=-
speed peak-efficiency operating point, the axial-velocity ratio was about
ALy

Hub-section performance. - The inlet relative Mach number range (fig.
15) was from 0.75 to 1.15. The minimum relative total-pressure loss was
independent of Mach number. The incidence-angle range again decreased
sharply with increased speed. The incidence angle for minimum loss was
not sharply defined except at design speed where the loss factor increased
rapidly on either side of the minimum-loss incidence angle.

The deviation angle (fig. 15) again increased slightly with in-
creased speeds. At all speeds, near the low-incidence or choked~flow re-
gion of operation, the deviation angles increased as back pressure was
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reduced., This trend is opposite to that observed for the pitch and tip.
A possible explanation is that the hub section chokes and then expands
supercritically with a subsequent normal shock. Because of the radial
pressure gradient behind the rotor, this tendency for a supersonic expan-
sion followed by a normal shock is greatest at the rotor hub.

The diffusion-factor (fig. 15) trend at the hub again reflected the
sensitive relation between incidence angle and loading at the high speeds.
Hub-section loading was low for all conditions.

The adiabatic efficiency (fig. 15) decreased very rapidly as chok-
ing incidence angles were approached for all but the 70 percent speed.
The efficiency peaked at very high values and remained high over most of
the range of incidence angles encountered.

The axial~velocity ratio had the same very sharp decrease at the
low-incidence-angle range. The peak efficiency at design speed, as for
the other sections, occurred at an axial~velocity ratio of gbout 1.2
(£ig. 15).

COMPARISON WITH DESIGN
o

L
The design incidence angle was approximately 25 while the observed

incidence angle at design speed varied from 5° to 6° approximstely. An
analysis of the blade-passage area indicated that minimum passage area

would occur at the exit. Computations of choking incidence angle were

made at 82 percent design speed with zero and 8-percent boundary-layer

allowance.

The choking incidence angles for 82 percent design speed were 2.1°
and 4.9° for zero and 8-percent boundary-layer allowance, respectively.
The average inlet relative Mach number was about 1 so that minimum inci-
dence angles would be determined by the choking phenomena. The observed
incidence angle of spproximately 4° indicates a boundary layer of 6 to 7
percent for the choked-flow condition at 82 percent design speed.

At design speed, the choking incidence angle for an 8-percent bound-
ary layer was 2.4° compared with an average observed angle of 5.1°. For
the minimum incidence angle to be determined by choking at the exit, an
additional 8 percent for a total boundary-layer blockage of 16 percent
would be required. While an increase in boundary-layer thickness at de-
sign speed is indicated by the higher deviation angles, the change in
deviation angle is not sufficient to account for the required boundary-
layer increase. In addition, the change in rotor efficiency does not
seem to reflect such a marked change in flow through the rotor.
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Because of the supersonic relative velocities existing across the
entire blade passage, the possibility exists that the minimum inlet flow
angle is determined by a wave pattern as described in reference 1. The
computation of this wave pattern is considerably complicated by the three-
dimensional nature of the flow, and no attempt was made to determine the
wave pattern that might exist ahead of the rotor.

The deviation angle at design speed varied from 49 to 6° as compared
with the design deviation angle of about 39,

The radial variation of work input at design speed is shown in fig-
ure 16. The lower pressure-ratio points have nearly a constant work in-
put over the midportion of the passage. The higher pressure-ratio point
shows a marked gradient in work input as compared with the constant-work-
input design.

The variation of static pressure along the outer casing in the vi-
cinity of the rotor is shown in figure 17. For comparative purposes, the
static pressure that would exist for the design mean-velocity distribution
with isentropic flow is also shown. The deceleration near the leading
edge is obtained for point B. However, for this point the outlet static
pressure is appreciably higher than design, indicating diffusion to lower-
than-design Mach numbers relative to the blade. This added diffusion was
sufficient to overcome the effect of the slightly higher-than-design de-
viation angle and resulted in a higher-than-design work input. At point
C, where nearly design work input was obtained (fig. 16), the start of
the deceleration was delayed until well behind the leading edge. While
a static-pressure distribution analogous to a spiked diffuser was not
obtained at point C, there apparently was sufficient three-dimensional
relief to permit a uniform deceleration from the inlet Mach number of 1.35
to slightly below 1.0 without serious shocks or instability.

The static-pressure recovery V for point C based on observed pres-
sures just ahead of the rotor and at the rotor trailing edge is 0.34 com-
pared with the design value of 0.31l. For point B, the static-pressure
recovery had increased to 0.41. The increase in static pressure immedi-
ately behind the rotor is probably associated with a reduction in the wake
displacement thickness behind the blade. Since the relative outlet Mach
numbers are close to 1.0, small changes in the displacement thickness will
have an apprecisble influence on the Mach number and static-pressure dis-
tributions behind the rotor.

CONCLUDING DISCUSSION
The performance obtained from a rotor designed for a 1400-foot-per-

second tip speed has indicated that blade-element efficiencies above 90
percent can be obtained at relative Mach numbers up to 1.23 and that rotor
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efficiencies approaching 90 percent can be obtained at relative Mach num-
bers of 1.35. The loss coefficients for the tip section gppear to corre-
late with the diffusion factor, as shown in figure 18(a). The band of
data obtained from a large number of conventional rotors and stators shown
in reference 18 is also outlined on the figure. The tip-section perform-
ance is seen to compare favorably with subsonic and transonic results for
speeds up to and including 90 percent (i.e., Mach numbers to 1.23). At
design speed GMi = 1.35) the losses are near the upper limit of the band.

The loss levels shown in figures 18(b) and (c) for the pitch and hub sec-
tions, respectively, indicate no appreciable deviation from similar plots
for subsonic and transonic rotors.

While the derivation of the diffusion factor D was based on incom-
pressible flow, the primary factors influencing performance, that is,
over-all diffusion and blade circulation, would not be expected to change
for high Mach number gpplicetions. The assumed velocity distribution used
in the derivation entered only in a very general manner and would have
only small influence on the general form of the diffusion-factor relation.
However, the empirical constants used in obtaining the correlation with
experimental performance will depend on velocity distribution. Thus, the
applicability of the correlation of D should be expected only in cases
having similar velocity profiles on the blade suction surface. This simi-
larity existed for the theoretical velocity profiles for this rotor, al-
though the actual distribution was probably altered somewhat by differ-
ences between the assumed and real flow. On the basis of the comparisons
in figure 18, the diffusion factor appears to be a satisfactory loading
criterion even for very high Mach number blading when the velocity distri-
bution approximates that of conventional airfoils in cascade.

The axial-velocity ratios for this rotor were 1.15 or greater at the
maximum efficiency points. This increase in axial velocity results when
the static-pressure diffusion (based on relative velocity head) is dis-
tributed equally across the rotor and the stator. Reducing the axial ve-
locity at the rotor discharge would unbalance the diffusion over the two
blade rows, thereby loading up the rotor (i.e., increasing D for the
rotor). On the basis of the correlations with D shown in figure 18, a
design for a reduced outlet axial velocity and the same pressure ratio
might well overload the blades to the point of sacrificing efficiency.
However, no conclusive data on this point are available for the high level
of Mach numbers encountered in this rotor.

The performance of the rotor reported herein compares favorably with
that of the transonic type such as reported in references 22, 24, and 25.
This performance was obtained with supersonic velocities relative to the
rotor across the entire blade span for rotor speeds of 90 percent and
gbove. On the basis of the results of the 1400-foot-per-second rotor,
the observation might be made that a subsonic relative Mach number region
along the blade span to afford a three-dimensional relief for the sonic
and supersonic flow is not required for good efficiencies.
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SUMMARY OF RESULTS

Analysis of various design conditions for supersonic compressors
indicated possible improvement over previous supersonic compressors 1
the static-pressure diffusion (expressed as a recovery of the inlet dy-
namic head) across the stage is proportioned between the rotor and the
stator. A supersonic compressor was designed for a tip speed of 1400
feet per second, &a pressure ratio of 2.0, and a corrected weight flow of
30.5 pounds per second. The rotor was designed for equal distribution
of static-pressure diffusion across the rotor and the stator. Rotor-
blade profiles and hub contour were obtained from a channel-flow design

approach. Maximum blade thickness was 4% percent chord.

Over-all performance results of the rotor alone st design speed gave
a pressure ratio of 2.17, an adiabatic efficiency of 89 percent, and a
weight flow of 28 pounds per second. Maximm efficiency of 94 percent
was observed at 82 percent design speed with a pressure ratio of 1l.65.
Performance characteristics were similsr to those of conventional sub-
sonic and transonic rotors with a range in weight flow at good efficiency
for all speeds.

Analysis of the blade-element flow through the rotor indicated an
angle of incidence at best efficiency of 5° to 60 instead of the design
AL
angle of incidence of 25 . The deviation angle increased slightly at the
higher Mach numbers to a value of 4° to 6° as compared with the design
deviation of about 3°.

Inlet relative Mach numbers were supersonic across the entire blade
span for speeds of 90 percent design and above. Blade-element losses
showed no appreciable effect of Mech number for rotor speeds below 90
percent design. At 90 percent design speed and above, an increase in
losses at the tip was observed. However, a comparison of blade-element
losses based on the rotor diffusion factor showed losses for the higher
Mach numbers, that is, up to 1.35, comparable with subsonic and transonic
losses at equivalent values of the blade-loading parameters.

The Mach numbers entering the stators are slightly higher than con-
ventional for design speed. For 95 percent design speed and a total-
pressure ratio of 2.03, the average free-stream Mach number is 0.78 and
the absolute air angle entering the stators is 40°.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, Jamuary 27, 1955
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TABLE I. - BLADE AND HUB COORDINATES®
X SECTION Ty
B-B Cc-C D-D E-E F-F
Yy Yy, Yy Yy, Yy Yy, Yy Yy, Yy Y,

0 |-1.206 |-1.206 | -1.229 | -1.229 |-1.284 |-1.284 | -1.367 | -1.367 |-1.434 |-1.434 |5.600

.20 | =0.840 | =0.950 | -0.872 | -0.988 |-0.956 |=1.050 |~-1.060 | -1.148 |-1.133 |-1.220 |5.651

.40 | =0.486 | =0.667 | -0.544 | -0.717 |=0.630 |=0.788 | =0.750 | =0.905 |-0.837 |-0.981 |5.710

.60 | -0.146 | -0.378 | =0.224 | -0.445 | -0.317 |=0.527 | -0.454 | -0.656 |=0.551 |=0.746 |5.783

.80 | 0.157 | -0.092 | 0.070 |-0.178 |=0.026 |=0.273 | =0.177 | =0.407 |=0.283 |-0.513 |5.871
1.00 | 0.430 | 0.189 | 0.339 | 0.085 | 0.230 |-0.024 | 0.080 | -0.169 |=-0.037 |=0.290 |5.965
1.20 | 0.668 | 0.466 | 0.576 | 0.342 | 0.458 | 0.216 | 0.313 | 0.067 | 0.185 |=0.070 |6.066
1.40 | 0.881 | 0.722 | 0.784 | 0.584 | 0.657 | 0.445 | 0.507 | 0.284 | 0.365 | 0.132 |6.172
1.60 | 1.084 | 0.957 | 0.967 | 0.804 | 0.836 | 0.656 | 0.675 | 0.480 | 0.523 | 0.319 |6.274
1.80 | 1.269 | 1.180 | 1.130 | 1.005 | 0.996 | 0.851 | 0.823 | 0.653 | 0.663 | 0.491 |6.370
1,996 | 1.400 | 1.400 | =mm== | mmmmm | mm;ee | mmcme | mmmee | cmmee | s | e | eeeee
2,00 | mmmme | mmee- 1.279 | 1.188 | 1.138 | 1.025 | 0.951 | 0.816 | 0.783 | 0.641 |6.458
2,20 | mmmmm | m———— 1.417 | 1.362 | 1.257 | 1.180 | 1.060 | 0.960 | 0.884 | 0.767 |6.528
2.258 | =—-m== | =mme= | 1,423 | 1,423 | =-m-- B T e I
2.40 | mmmem | mmmem | mmmee | e 1.370 | 1.320 | 1.149 | 1.078 | 0.963 | 0.870 |6.567
2,433 | mmmme | mm—e- mmmmm | - 1,355 | 1.355 | =m=-m | o el
0T T E— e A et el Bl B e | s [ e 6.570
2.60 | mmmmm | mmmmm | mmmeme | mmmme | mmmee | e 1.223 | 1.175 | 1..020 | 0.951 |6.570
2.658 | mmmmm | mm——- el T e comm= | 1,214 | 1.214 | mmeme | —e-ee- 6.570
2.806 | ==mm- T I Bl BT IR 1.035 | 1.035 [6.570
3,188 | ==m== | mmmm= | mmmmm | mmmme | mmmem | cmme | mmmen | emmee | e | meeee 6.570

@Dimensions are in inches; sections and their notation are defined in fig. S(a).
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Figure 2. - Blade design parameters.
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Figure 2. - Continued. Blade design parameters.
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Annular-height ratio, h
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Figure 5. - Supersonic compressor rotor designed for tip speed of 1400 feet per second.
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Inlet axial Mach number, Mz,l
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Figure 9. - Radial varilation of inlet axlal Mach number at design speed.
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