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SUMMARY

The aerodynamic design and the design-point performance of a 16-inch
impulse-type supersonic-compressor rotor component with turning to the
axial direction were investigated in part I of this series. The possi-
bility of good stage performance was indicated; therefore, in this report
the off-design and the stage performance are analyzed. The analysis of
the stage performance was made with a set of diffusing stators designed
from considerations of the off-design performance.

The characteristics of this rotor were such that the rotor-discharge
Mach number could be reduced from that obtained at the design condition
of 1.94 to about 1.65 without a large drop in performence. But closing
the throttle farther to reduce the discharge Mach number resulted in a
considerable decrease in rotor component performance. This rotor char-
acteristic resulted in the peaking of computed stage performance at an
intermediate Mach number (about 1.55) when the stator losses were assumed
similar to those previously obtained. Thus, the computed best stage-
performance point is obtained at this intermediate rotor-discharge Mach
number rather than at the design condition for the rotor. The computed
stage-performance curves indicate the rather critical nature of the
matching problem between the rotor and stator performance characteris-
tics and the possibility of improving the stage performance by decreasing
the losses in the diffusing stators.

The stators set at the design angle limited the rotor operation at
97.5-percent design speed to a point below the best computed stage-
performance point. Under these conditions, the stage total-pressure
ratio was about 4.0 and the stage adiabatic efficiency was about 0.66.
Reducing the stator angle 6° below the design angle increased the stage
performance at 77.9-percent design speed from a total-pressure ratio
of 2.5 to 2.7 and from an adiasbatic efficiency of 0.70 to 0.77. This
increase was a result of improved rotor performance and also improved
stator total-pressure recoveries. The reduction in stator angle im-
proved stator total-pressure recoveries at Mach numbers below 1.25 but
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seemed to have little effect on the total-pressure recoveries above this
value. These stator recoveries are slightly higher than those obtained ®
in the previous stator investigation.

INTRODUCTION

Impulse-type supersonic-compressor rotors are designed to impart
energy to the fluid by a large amount of turning with a relatively small
amount of diffusion (static-pressure rise) in the rotor passage. In
these design configurations, the flow relative to both the rotor blade
row and the diffusing stators is supersonic. Considerable deceleration
is then required in the stators to obtain useful flow velocities. Sev-
eral compressor rotors of this type have been experimentally investiga-
ted and are reported in references 1 to 4. In references 1 to 3,
impulse-type supersonic-compressor rotor component total-pressures ratios
of 3.6 and 6.6 were obtained at adiabatic efficiencies of 0.80 and 0.78,
respectively. In reference 4 (part I of this series) a total-pressure
ratio of 5.7 was reported at an adiabatic efficiency of &bout 0.89.

S5

The compressor rotor of reference 4 represents a considerable im-
provement over previous rotors for design, or impulse, operation. Also,
there was only a moderate drop in efficiency with reduced discharge Mach
numbers (i.e., increased back pressure). This contrasted markedly with
previous impulse-type compressor rotors, where appreciable reductions in
efficiency were observed with increased back pressure. These characteris-
tics are attractive with respect to the use of this rotor with diffusing
stators as a stage. Before a satisfactory stage can be designed, the
problems associated with diffusing stators must be considered.

References 3 and 5 indicate that the losses in diffusing stators
increase very rapidly with stator-entrance (rotor absolute discharge)
Mach number. (For the rotor of ref. 4 the design absolute discharge Mach
nunber is about 1.93.) However, as stated previously, the rotor of ref-
erence 4 operated at somewhat reduced Mach numbers without a large drop
in performance. The reduced losses in the stators, arising from opera-
tion at the lower entrance Mach number obtainable by increasing the back
pressure on the rotor, appear to more than offset the slight drop in
rotor performance. Consequently, the optimum combination for operation
with stators may occur with the rotor operating at an off-design condi-
tion. This report presents the more complete analysis of the off-design
periormance of the compressor rotor that was a necessary preliminary in
determining the rotor operational point for the best stage performance.
The stage performance was then analytically determined with the assump-
tion of the stator recoveries obtained in a previous stator investigation
(ref. 3). After these considerations, a desirable rotor operational point
was selected for the design of diffusing stators, with particular atten-
tion given to the flow area. Performance data obtained for the stage and -
the stators at the design setting angle as well as at 3° and 6° below de-
sign are included in this report. The data were obtained at the NACA
Lewis laboratory; Freon-12 was used as the test medium. ®
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APPARATUS
Impulse-Type Supersonic-Compressor Rotor

A photograph of the 16-inch impulse-type supersonic-compressor
rotor with turning to the axial direction is shown in figure 1(a). This
rotor was designed by a quasi-three-dimensional design procedure that
permitted good mechanical design. The design procedure is described in
detail in reference 4.

Diffusing € “ators

The stators were designed to allow sufficient area so that they
would not restrict the rotor weight flow. The flow-area considerations
included an allowance for losses by noting that the change in critical
flow area is dependent on the losses by

P
.l (1)
P
a

éllﬁi

where A¥ 1is the critical flow area; P . is the tobal pressure; a is

the upstream condition; and b 1is the minimum-area section. The change
in area from the upstream condition to the minimum section is defined as
the ceontraction ratio Cr, or

o =% (2)

where A 1is the flow area.

Equations (1) and (2) can be combined by

AY/By  (Ap/Ay) (Py/Py)
L) W INJ/W

and, if the minimum section b 1is designed to have a Mach number of 1.0
(A,;/Ab = l-O):
. P'b/Pa

el (s)
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A point was selected at 97.5-percent design speed of the rotor at
which the stator-inlet Mach number was about 1.55 and the flow angle was
about 57.4°. (The reason for the selection of this design point will be
discussed in the off-design analysis of the data for the compressor rotor
component.) By setting Pb/Pa at a value near normal shock losses at

this Mach number, Cr was determined to be about 1.11. With this con-
traction ratio and the preceding allowance for losses, the area at the
minimum section was found to be suitable to allow the rotor to operate
at its maximum weight-flow point at all speeds above about 70-percent
design speed.

The blading was designed so that the minimum-area section occurred
at ilie entrance to the stator passage, with a constant area for a distance
equal to the passage width. The number of stator blades was set at 31;
flow direction at the minimum-area section was set equal to the entrance
flow direction; area increase behind the minimum section was set equiva-
lent to a 5° cone with an initial area equal to the minimum area; and
exit flow direction was set at 47O, and trailing-edge thickness at 0.03
inch. The length of the subsonic portion of the blade was then computed
to be 1.7 inches to obtain the desired change in area along a straight
circular cone. Thus, with these specifications, the minimum area, the
blade length, and the flow direction at the entrance, minimum-area, and
exit sections were fixed. The blade surfaces were faired to meet these
requirements. This blade section was used at the root and tig sections,
with straight-line fairing between these two sections and a 5  twist
from root to tip. The leading-edge wedge angle was about 10° and was
rounded to a leading-edge thickness of 0.015 inch. The design setting
resulted in a suction-surface angle of about 64.3° and a pressure-surface
angle of about 54.3° at the mean-radius section. A photograph of the
stators is shown in figure 2.

Variable-Component Test Rig

The data used in this analysis were obtained with the rotor installed
in the variable-component compressor test rig adapted to use Freon-12 as
the testing medium. This test rig is shown schematically in figure 1(b)
and is described in detail in reference 4. The rotor component data were
obtained with both a straight- and an expanding-discharge annulus (see
fig. 1(b) and ref. 4). The diffusing stators used in the stage investiga-
tion were installed in the straight-discharge annulus about 2% inches

behind the compressor rotor.

Instrumentation

The rotor component data with the expanding-discharge annulus were
obtained with instrumentation at station 2 (fig. l(b)). A cone-type

3151
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survey instrument was used to measure total pressure and flow direction,
and total temperature was obtained with a double-stagnation-type probe;
inside and outside wall taps were used to obtain the static pressure
(ref. 4). The survey instruments were slightly different for the
straight-discharge-annulus data, in that a claw-type total-pressure in-
strument was used to determine the flow angle and total pressure at sta-
tion 2, and the total temperature was obtained from a stagnation-type
thermocouple. A photograph of these survey probes is shown in figure 3.

The stage data were obtained at station 3 (fig. 1(b)), 0.5 inch be-
hind the stators. The previously described flow-angle and temperature
probes were used at this instrument station along with a 24-tube total-
pressure survey rake (fig. 3). The 24 total-pressure tubes on this rake,
which were equally spaced and sufficient to cover approximately one sta-
tor passage, were inclined to the mean-radius section and mean blade
angle. The rake was rotated to the flow direction according to a claw-
total survey instrument at this survey station. Static pressures at the
survey stations were averaged from several taps on the inside and outside

walls.

In order to keep the closed Freon-12 circuit as small as possible,
the entrance nozzle to the compressor was calibrated to determine the
flow rate through the compressor. Fixed probes in the entrance tank de-
termined the total pressure and temperature at this location (station @) <

PROCEDURE
Operational Procedure

The compressor rotor component was operated in Freon-12 over a range
of speeds from 48.7 to 97.5 percent of design. The design rotor speed in
Freon-12 was computed so that the design relative entrance Mach number
would be obtained at the rotor tip. The inlet temperature was maintained
constant at 100°+1.0° F and the inlet pressure at 30.0+0.1 inches of
mercury absolute by the automatic controls of the test rig. The back
pressure was varied from the open-throttle condition to audible surge by
the sliding throttle installed in the collector (fig. 1(b)).

The rotor component data included in part I of this series (ref. 4)
were obtained with a discharge annulus of increasing area, which allowed
the rotor to operate near its design condition. These data are included
in the present analysis along with the data obtained with the straight-
discharge annulus. The stage investigation was made with the impulse
rotor and diffusing stators previously described installed in the
straight-discharge annulus.




6 NACA RM E53L24

Computational Procedure

The compressor rotor performance data are based on the flow condi-
tions measured in the depression tank and the survey data obtained di-
rectly behind the rotor (station 2). Stage performance was obtained
from measurements in the depression tank and at station 3. The total
pressures obtained from the 24-tube total-pressure rake at station 3 were
averaged arithmetically at each survey position and mass-averaged along
the radius. The computational procedure is described in appendix B of
reference 1 for experimental data obtained in Freon-12. An approximate
air equivalent weight flow can be obtained by the methods described
therein.

The consistency of the data at design conditions was indicated in
reference 4, where the change in angular-momentum work input agreed with
the measured temperature-rise work input within about 2 percent, and the
measured electrical power varied from the measured temperature-rise work
input by 4 percent. The survey data at station 2 indicate a weight flow
1.6 percent greater than that measured by the inlet calibrated nozzle.
This agreement is typical of all open-throttle data. As the back pres-
sure is applied, the absolute discharge Mach number remains supersonic,
but the axial component becomes subsonic. This change results in sub-
stantial disagreement in the previously mentioned terms, probably largely
as a result of erroneous angle measurements. In general, total pressure,
total temperature, wall static pressure, and nozzle weight flow are con-
sidered essentially correct and are used in this report. (The calibrated
nozzle is relatively close to the rotor; however, static-pressure pro-
files along the outside wall indicate that the rotor does not measurably
affect the nozzle calibration.)

RESULTS AND DISCUSSION

Examination of the limited amount of data presented in reference 4
and some preliminary data indicates that good stage performance might be
obtained by operating this impulse-type rotor at a reduced flow point.
At this point, the rotor absolute discharge Mach number decreased con-
siderably with respect to the design value, with only a small reduction
in rotor efficiency and total-pressure ratio. Before the best rotor and
stator matching point could be determined, however, it was necessary to
analyze the rotor component performance over the entire weight-flow
range.

Rotor Component Performance

Rotor over-all performance. - The data of reference 4 were obtained
with an expanding annulus behind the rotor, with which operation near

315
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design impulse was possible. With this expanding annulus, there were
only small reductions in total-pressure ratio and equivalent weight flow
between the open-throttle point and audible surge. The data of reference
4 and those obtained with the straight-discharge annulus are both shown
in figures 4 to 7 (the solid symbols represent data obtained for the
constant-area annulus). A much wider range of equivalent weight flow

was obtained when the straight-discharge annulus was used; however, this
increased range was at the low-weight-flow end of the performance curve,
and impulse operation could not be obtained (fig. 4(a)). The fact that
impulse operation is not possible must be due to choked flow resulting
from losses in the discharge annulus. At 97.5-percent design speed, a
peak total-pressure ratio of 5.7 is obtained at an equivalent weight flow
of 48.55 pounds per second of Freon-12; a minimum pressure ratio is ob-
tained at an equivalent weight flow of 41.5 pounds per second. Closing
the discharge throttle farther results in decreasing weight flow and in-
creasing total-pressure ratio. The curve obtained at 87.6-percent design
speed shows a similar trend. Continuously decreasing performance values
are obtained at the lower rotational speeds.

The variation of adiabatic efficiency for this rotor is shown in
figure 4(b). At 97.5-percent design speed, a peak adiabatic efficiency
of 0.89 is obtained. As the discharge throttle is closed, the adia-
batic efficiency is reduced a few percentage points at constant weight
flow. As the weight flow is decreased, the efficiency falls off rapidly.
A minimum efficiency of about 0.71 is obtained at 40.0 pounds per second
equivalent weight flow. Closing the discharge throttle to the point of
audible stall results in a reduction in weight flow to about 34.2 pounds
per second and an increase in adiabatic efficiency to about 0.745. Thus,
the variation of adiabatic efficiency is very similar to the variation
of total-pressure ratio. At lower rotational speeds, the peak adiabatic
efficiency remains high at or near the open-throttle condition. However,
closing the discharge throttle to the point of audible stall results in a
large drop in adiabatic efficiency. Some scatter in the data occurs at
the lower-weight-flow end of the curves at the lower rotational speeds.

The variation of mass-averaged absolute discharge Mach number at each
of the six rotational speeds used in this investigation is shown in fig-
ure 4(c). The data at 97.5-percent design speed indicate a rapid drop in
Mach number from 1.93 to about 1.63 with a change in total-pressure ratio
of only 5.7 to 5.5. However, as the Mach number is decreased from 1.63
to about 1.40, the total-pressure ratio decreases much more rapidly to a
value of 4.60, the minimum total-pressure ratio and Mach number occurring
at the same point. As the throttle is closed farther, the Mach number and
total-pressure ratio both increase. The fact that these data double back
along the same curve is a result of the use of mass-averaged values of
total-pressure ratio and absolute discharge Mach number. The data at
other rotational speeds indicate similar curves of absolute discharge

Mach number.
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The adiabatic efficiency is plotted against the mass-averaged abso-
lute discharge Mach number in figure 4(d). The variation in efficiency
at design speed is similar to the variation in total-pressure ratio,
decreasing gradually from about 0.89 at an absolute discharge Mach number
of 1.93 to 0.85 at an absolute discharge Mach number of 1.65. As the
absolute discharge Mach number is decreased further, the decrease in
adiabatic efficiency is much more rapid to a value of about 0.71 at an
absolute discharge Mach number of about 1.40. Similar curves are obtained
at each speed, with a slight variation in the value of peak efficiency,
and the lower speeds moving progressively to lower Mach numbers. A
doubling back of data points similar to that noted in figure 4(c) occurs

in figure 4(4).

SiSil

Static-pressure profiles over rotor. -~ The static-pressure profiles
over the compressor rotor for several of the data points at 97 .5-percent
design speed are shown in figure 5. The equivalent weight flow and mass-
averaged absolute discharge Mach number are given for each data point.
For the impulse condition (M2 = 1.93), the static pressure rises over

about the first 20 percent of the rotor and remains constant over the
rest of the rotor. As the back pressure is increased (Mach number de-
creased) the static-pressure rise over the rotor increases appreciably,
occurring from the leading edge back over most of the rotor. At the min- =
imum Mach number (M, = 1.40, WA/6/86 = 42.5 1b/sec), the static pressure

ahead of the rotor is not affected; however, the maximum static-pressure
rise is obtained at this point. Closing the throttle farther causes a
considerable reduction in weight flow but an increase in discharge Mach
number, with a resulting substantial static-pressure rise ahead of the
rotor and a lower static-pressure rise over the rotor.

Performance measurements along rotor-discharge radius. - The radial
variation of performance parameters at the rotor discharge at 97.5-percent
design speed is shown in figure 6. At the impulse condition, the total-
pressure ratio peaks near the hub portion of the rotor passage and de-
creases toward the tip. As the throttle is closed, the total-pressure
ratio peaks (at a lower value) near the tip section and decreases toward
the hub. The data point at the lowest weight flow indicates that the in-
crease in pressure ratio over the previous point is obtained largely over
the midpassage and tip regions.

For the impulse or open-throttle condition, the adiabatic efficiency
(fig. 6) is very high (0.98) near the hub but decreases rapidly toward the
tip (to about 0.80). . The main effect as the discharge throttle is closed
is a large decrease in adiabatic efficiency near the hub; whereas, the
variation in efficiency at the tip section is appreciably less. At the
lowest weight-flow point shown in figure 6, the adiabatic efficiency in-
creases as indicated in figure 4(b).
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The distribution of absolute discharge Mach number for these data
points at 97.5-percent design speed varies in a manner similar to the
total-pressure-ratio and adiabatic-efficiency distributions, the largest
change in absolute discharge Mach number occurring at the rotor hub (fig.
6). The unit weight flow, however, has a somewhat different trend, in
that it continues to decrease as the discharge throttle is closed. The
largest unit weight flow is obtained near the tip section, with the slope
of the unit mass-flow curve increasing as the discharge throttle is closed.
The enthalpy rise over the rotor is larger at the tip than at the rotor
hub section for the impulse condition, as indicated in figure 6. As the
discharge throttle is closed, the work input at the tip section increases;
whereas, the work input at the hub section remains nearly constant.

Discussion of Rotor Performance

If an impulse-type supersonic-compressor rotor is to perform at the
design condition, the discharge annulus must not limit the weight flow.
In reference 4, it was necessary to use an expanding-discharge annulus to
obtain the design condition. (This was not necessary in the case of sim-
ilar rotors reported in the references of this report.) Since these com-
pressor rotors operate with supersonic relative velocities, a change in
static-pressure rise over the rotor does not result in a change in weight
flow until the static-pressure rise has propagated upstream to affect the
subsonic axial upstream flow. Audible stall may occur before propagation
of this static-pressure rise can be felt upstream and thus prevent the
rotor from operating at reduced weight flows. Some of the rotors of this
type reported in the references have operated with reduced weight flows;
whereas, others have indicated audible stall before any noticeable re-
duction of weight flow was obtained. It was noted that changing the dis-
charge annulus had a considerable effect on the point of audible stall of
this compressor rotor.

With the previously mentioned considerations, the measured per-
formance characteristics of this compressor rotor can be examined. As
diffusion is first obtained in the compressor rotor, there is a small de-
crease in adiabatic efficiency and total-pressure ratio with no measurable
change in equivalent weight flow. With the first measurable change in
equivalent weight flow, a slight static-pressure rise is noted at the
leading edge of the rotor. As additional diffusion (static-pressure rise)
is obtained on the rotor, the total-pressure ratio, adiabatic effieiency,
and equivalent weight flow all decrease rapidly. These changes in per-
formance are obtained with an increasing static-pressure rise at the
leading edge of the rotor; however, this static-pressure rise does not
propagate very far upstream of the rotor (fig. 5). Near the point of
audible stall, however, the static-pressure rise is apparently felt some
distance upstream of the rotor and results in an increase in total-
pressure ratio and adiabatic efficiency and a considerable reduction in
equivalent weight flow.
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These decreases in compressor performance appear to result mainly
from deterioration of the flow near the compressor hub section. In- "
creasing the diffusion over the rotor resulted in a definite decrease in
total-pressure ratio and adiabatic efficiency at the rotor hub section
from their values measured at the open-throttle condition, whereas the
change in performance at the tip section is comparatively small. The
mass-flow distribution at the compressor rotor discharge at the points of
high diffusion on the rotor (near audible stall) indicates that a larger
percentage of the mass flow is present at the rotor tip section. While
this redistribution of the flow toward the tip section at low weight
flows may have been caused by flow separation along the rotor hub, the
mass distribution at the discharge could not be measured close enough to
the hub section to determine whether the flow separation existed at the
rotor discharge.

SISk

The supersonic-compressor rotor of this investigation was designed
with turning to the axial direction. Thus, for ideal flow, operation with
diffusion on the rotor would not change the work input to the fluid, since
the absolute discharge whirl will be very nearly equal to the wheel speed
at all times. For this reason, the total-pressure ratio and the adisbatic &
efficiency of the compressor rotor at a fixed wheel speed and radius would
vary only as the losses on the rotor. 1In this case, however, (with no
inlet whirl component) there is some variation in work input along the g
rotor-discharge radius. Therefore, a redistribution of the mass flow at
the rotor discharge may result in some change in the mass-averaged
performance.

Thus, a part of the performance characteristics (that is, the in-
creasing total-pressure ratio and adiabatic efficiency at reduced weight
flows) can be explained by the increased mass-averaged performance avail-
able as a larger percentage of the mass is distributed toward the com-
pressor rotor tip. Besides this effect, however, as the diffusion over
the rotor was increased, the work input (enthalpy rise) was increased at
the compressor rotor tip section. As pointed out with turning near the
axial direction, this could have been obtained only by increased turning
in the rotor passage. As reported in reference 4, the tip section ob-
tained a turning of about 7° less than the axial direction at the open-
throttle point. Thus, increasing the diffusion over the rotor appears
to cause a deterioration of the flow along the rotor hub section and re-
sults in improved flow over the rotor tip section, so that some increase
in effective turning is obtained. The data indicate an increase in en-
thalpy rise of about 14 percent as the rotor is throttled from impulse to
audible stall. Increasing the turning by these 7° would account for 8 to
10 percentage points of this increase.

Stage Considerations for Rotor Performance
The performance characteristics of this compressor rotor component in-

dicate that, as some diffusion is obtained on the rotor, the absolute dis-
charge Mach number can be reduced to about 1.63 (from 1.93 near the impulse =
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condition) with only a small loss in total-pressure ratio and adiabatic
efficiency. This characteristic was not exhibited by the rotors of
references 1 to 3. As previously noted, for this rotor the work input
would be expected to, and does, remain essentially constant, since the
rotor turns to the axial direction; and thus the total-pressure ratio
would not vary appreciably with diffusion on the rotor. The efficiency
trend, however, must result from the relatively good flow condition
over the compressor rotor even when some diffusion is obtained across

the rotor.

Previous investigations indicate that stator losses are largely a
function of the stator-entrance Mach number. The fact that the best
stage-performance point may occur for this rotor at some other than the
best rotor-performance point is shown in figure 7. The rotor component
total-pressure ratio and adiabatic efficiency are plotted against the
absolute discharge Mach number for a rotational speed of 97.5 percent
(reproduced from fig. 4(c)). The two performance curves were computed
for the stage by applying normal shock recoveries and previously meas-
ured stator recoveries (ref. 3). Computed stage-performance values
(fig. 7) peak at an intermediate Mach number. A peak efficiency of
about 0.75 is obtained at a discharge Mach number of about 1.6 when
normal-shock recoveries for the measured inlet Mach number are con-
sidered. For the measured losses of a previous investigation, the stage
curves peak at an efficiency of 0.64 for a Mach number of about 1.5.
Computed total-pressure ratios for these two performance points would
be about 4.84 and 4.0, respectively. Peak total-pressure ratios occur
at slightly lower Mach numbers than the computed peak adiabatic effi-
ciencies. These curves indicate the gain in performance that may be
obtained by increasing the recoveries in the diffusing stators as well
as the necessity of matching the rotor and stators at their best opera-
tional point. It should be pointed out that these stage curves do not
represent operational curves but rather the peak values that may be ob-
tained by matching at the assumed conditions. The data points previously
described at very low weight flows (below minimum total-pressure ratio)
will not be considered, because they must have been obtained with some
flow separation and unsteady flow, and for this reason the flow out of
the rotor may not be suitable for efficient diffusion in stators. .

Stage Performance

Performance with stators at design setting angle. - The diffusing
stators described were designed to operate approximately at the best
computed stage-performance point (Mz = 1.55). The stage total-pressure
ratio and adiabatic efficiency for these stators and rotor are shown in
figure 8 at 77.9, 87.6, 92.5, and 97.5 percent of design speed. A stage
total-pressure ratio of about 4.0 is obtained at an adiabatic efficiency
of about 0.66. The weight-flow range for 97.5-percent design speed is
between 42 and 44 pounds per second. As the rotational speed is reduced,
the range of weight flow is increased, the stage total-pressure ratio is
decreased, and the peak stage adiabatic efficiency increases slightly to




AL NACA RM ES53L24

a value of about 0.69 at 77.9-percent design speed. The measured weight g
flows indicate that the rotor is being operated near the point of minimum
total-pressure ratio and adiabatic efficiency (see figs. 4(a) and (b)).
Computations of stage efficiency (fig. 7) indicate that the rotor is
operating at a Mach number lower than desirable for best stage perform-
ance. In this stator design, the flow area through the stators seemed

to be large enough, even in the presence of considerable losses. Since
the axial-flow component is subsonic, the flow angle approaching the
stator blade row would be controlled by the slope of the suction surface
of the stator blade along the entrance section (as described in ref. 6).
Thus, if this portion of the blade is not parallel to the discharge flow
direction from the rotor, an adjustment in the flow will be necessary be-
tween the rotor and stators similar to that described in the reference.
This adjustment must reach some stable condition where the flow angle out
of the rotor, the flow angle set by the stator blades, and the losses and
adjustment in the space between the rotor and stators are compatible.
This adjustment of the flow probably accounts for some of the difficulty
of making measurements in this region and the sometimes apparent change
between rotor performance as measured in component and stage investiga-
tions even though the same instrumentation is used.

ST

The suction surface of these stators was at an angle greater than w
the desirable flow from the rotor at the stage design point. Thus, the
adjustment would result in a reduction in the axial component ahead of
the stators. This, in turn, would cause the rotor to operate with a
lower discharge Mach number than that desired for the design point.

Stage performance with stators set at reduced angles. - Previous
considerations indicate that improved stage performance might be obtained
(improved rotor performance in the stage) if the rotor could be operated
at a somewhat higher discharge Mach number. This was attempted in two
steps by decreasing the stator blade angles 3° and 6° below the design
angle and measuring the change in stage performance. As the stator
angles are decreased, the flow area in the stators increases and probably
becomes excessive. The length and shape of the entrance section of the
stator blades vary as the blades are set to lower angles. Since both
the area effect and blade slope tend to match the rotor and stator at a
lower rotational speed than design when the stator angles are decreased,
only the intermediate-speed data were taken.

The over-all stage data for the reduced stator angles are shown in
figure 8 along with the design angle setting. Whereas the stage adia-
batic efficiency seems to be somewhat higher for the 3°-reduced stator
angle, the range of total-pressure ratio and weight flow seem to be little
affected at 77.9 and 87.6 percent of design speed. However, for the 6°-
decreased stator angle at 77.9-percent design speed, the equivalent
weight flow increased from about 30.5 to about 33.5 pounds per second.

At 87.6-percent design speed, the equivalent weight flow increased from
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about 39.5 to about 43.1 pounds per second. The stage total-pressure
ratios increase only slightly; however, the stage adiabatic efficiency
increases from about 0.70 to gbout 0.77 and from about 0.70 to 0.74 for
77.9 and 87.6 percent of design speed, respectively. Thus, the two best
stage-performance points measured for 87.6 and 77.9 percent of design
speed would be at a total-pressure ratio of 3.4 and an adiabatic effi-
ciency of 0.74, and at 2.7 and 0.77, respectively. Part of the increase
in performance was obtained by moving the rotor to a more favorable
operating point. Some improvement in stage performance also may have
resulted from a reduction of losses in the stators. Flow conditions
over the stators will be considered in the following section.

Stator Performance

The performance of the stators at the three settings is compared in
figure 9, in which stage absolute discharge Mach number is used as the
abscissa. The data of figure 9 are for 77.9-percent design speed, where
complete data were obtained for each of the three stator angles. The
minimum absolute discharge Mach number from the design and the 3°-
decreased setting of the stators is about 0.62. When the stator angles
were decreased by 60, however, the discharge Mach number could be re-
duced only to 0.75 without stage stalling. The reason for this small
change in minimum permissible stator-discharge Mach number is not ob-
vious; however, the changes in entrance conditions and area variation
through the stators in resetting the blade angles apparently affect the
stalling characteristics of the stage.

For the design setting angle of the stators, the equivalent weight
flow varied from about 22.5 to about 30.5 pounds per second. In this
case, the static-pressure rise could apparently be felt through the
stators and thus affected the performance of the rotor. For the 3°-
reduced stator blade angle, the equivalent weight flow varied only be-
tween 28.05 and 29.95 pounds per second over the entire range of back
pressure; for the 6°-reduced setting, the weight flow was almost con-
stant at 33.8 pounds per second. No obvious reason for this effect of -
stator blade-angle setting on stage weight-flow range can be given.

Reducing stator-discharge angles by 3° results in a peak adiabatic
efficiency (0.71) at about the same discharge Mach number as the design
setting, and the decrease from this peak value is very gradual. For the
setting of the stators 6° below the design angle, the adiabatic effi-
ciency is increased to a value of about 0.78 and remains essentially
constant over the range of discharge Mach numbers.
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The stage total-pressure-ratio curves for each of the three config-
urations are also shown in figure 9. The total-pressure ratio at the
30 setting angle is very close to that at the design setting except near
the low discharge Mach numbers, when the design setting seems to decrease
from the near-constant value of 2.4. However, for the data obtained with
the stator angles reduced 6°, the stage total-pressure ratio is increased
to about 2.7.

With the measurements taken at instrument stations ahead of and be-
hind the stators, total-pressure recoveries over the stators were com-
puted (fig. 9). For the design and 3°-reduced settings of the stators,
the total-pressure recovery is about the same and peaks at a recovery of
about 0.87. As the stator angles are decreased by 6° from the design
angle, the total-pressure recoveries are increased to about 0.93. De-
creasing the stator angles results in improved operation of the stators
as well as the rotor. The increased recovery in the stator may be due
to the improved flow conditions entering the stators, since the rotor
operational point is changed to a more favorable condition.

SIS

The stator-entrance Mach number was obtained from the pressure meas-
urements between the rotor and stators (fig. 9). The variation in meas-
ured Mach number seems to be about the same for each of the configurations
described. The equivalent weight flow varied from about 30 to 34 pounds
per second as the stator angles were varied from design setting to 6° less
than design. The rotor component data indicate that the absolute rotor-
discharge (stator-entrance) Mach number should increase from about 1.23
to about 1.33 over this range of weight flow; the measured values fall
within this range (fig. 9). The measurements are probably subject to
some error because of the flow adjustment necessary in this region.

The stage performance values for the three stator blade-angle settings
were compared at 77.9-percent design speed. The computed best performance
point with the assumption of normal-shock recoveries for this speed is
shown in figure 10. (This curve is comparable to that for 97.5-percent
design speed shown in fig. 7.) The previous section indicates that the
discharge Mach number could not be increased above 1.28. Thus, figure 10
indicates that the rotor and stator could not be operated at their best
match points, which would be at a Mach number of about 1.4. Several per-
centage points in stage efficiency and some increase in total-pressure
ratio may be obtainable by moving the rotor and stators to this operational
point. It can be noted that the computed stage-performance curves at this
speed (Mach number range) are relatively flat compared with those at
97.5-percent design speed. Thus, it might be expected that matching the
rotor and stators at this intermediate speed would not be as critical as
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at the higher rotational speeds. A comparison of the total-pressure re-
covery obtained with these stators and that obtained with the stators of
the investigation of reference 3 is shown in figure 11. The peak total-
Pressure recovery for the available speeds is plotted against the stator-
inlet Mach number along with the curves obtained in the reference and
normal-shock recoveries for the given Mach number. Indications are that
the total-pressure recovery is improved somewhat over that previously
obtained. Also, while reducing the stator angle improved the recoveries
somewhat at Mach numbers up to 1.25, at the higher Mach numbers the
stators seem to operate equally as well at the design setting. It must
be remembered, however, that the design setting points are obtained at

a somewhat higher rotational speed. The range of stator-entrance Mach
number is rather small, but it does seem to indicate that the total-
pressure recovery in these stators may not decrease at the same rate with
increasing Mach number as was indicated in the previous investigation.

Concluding Remarks

Analysis of the complete performance range of this 16-inch impulse-
type supersonic-compressor rotor and the probable stator performance as
indicated by previous investigations shows that the best stage perform-
ance would be obtained with the rotor operated at some intermediate dis-
charge Mach number rather than the rotor design condition. This best
stage performance would probably be obtained at an absolute discharge Mach
number of about 1.55 for the design rotor speed. Because of the rapid
decrease in rotor performance below this absolute discharge Mach number
and because of the rapid increase in stator losses above this Mach number,
the matching of the stators and rotor is rather critical. The analysis
further indicates that considerable gain in stage performance can be ob-
tained if the total-pressure recovery in the stators can be improved in
the range of stator-entrance Mach numbers of 1.4 to about 1.65, since
matching the rotor and stators in this range would then allow some improve-
ment in rotor as well as stator performance.

SUMMARY OF RESULTS

The 16-inch impulse-type supersonic-compressor rotor with turning
to the axial direction was investigated as a single component and as a
stage. The rotor design and design performance were reported in part I.
In this report, a more complete analysis was made of the rotor component
off-design performance, which was necessary to determine how this rotor
might be used to best advantage in a compressor stage. A set of diffusing
stators was then used with this rotor to investigate the stage performance.
The following results were obtained:
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1. Considering the range obtained with both discharge annuli, this
rotor as a separate component had a very wide range of equivalent weight
flow (48.5 to 34.1 lb/sec at 97.5-percent design speed). At 97.5-percent
design speed, the adiabatic efficiency was 0.89 at a total-pressure ratio
5.7 and an absolute discharge Mach number of 1.93. This rotor allowed a
reduction in Mach number to about 1.65 with a relatively small reduction
in adiabatic efficiency and total-pressure ratio. Beyond this point,
however, both the adiabatic efficiency and the total-pressure ratio de-
crease very rapidly.

3151

2. By using the curve of peak total-pressure recovery against stator-
inlet Mach number of reference 3 and the rotor component data of this re-
port, a best stage-performance point would be obtained at some inter-
mediate stator-entrance Mach number (1.55 for 97.5-percent design speed).
Since there is a rapid decrease in rotor performance at lower discharge
Mach nunbers and a rapid increase in stator losses at higher Mach numbers,
a rather narrow range of computed good stage-performance values resulted.

3. With the stators set at the design angle, the stage total-pressure
ratio is about 4.0 and the stage adiabatic efficiency is about 0.66 at
97.5-percent design speed. The range of equivalent weight flow is about
42 to 44 pounds per second, which indicates that the rotor is operating
at the point of minimum efficiency and pressure ratio rather than near
the point of best stage performance.

4, By adjusting the stators to 6° less than the design setting angle,
the stage performance was improved at 77.9-percent design speed from a
stage total-pressure ratio of 2.5 to 2.7 and a stage adiabatic efficiency
of 0.70 to 0.77. A 3° reduction in stator angle seemed to have a rela-
tively small effect. This gain in stage performance resulted because of
improved rotor performance as well as improved stator performance. At
77 .9-percent design speed, the total-pressure recovery in the stators
increased from about 0.87 to 0.93 as the stator angle was reduced from
design angle by 6°.

5. The total-pressure recoveries through these stators are somewhat
improved over those of the previous investigation at corresponding Mach
numbers. Reducing the stator angle improved the recoveries somewhat up
to a Mach number of 1.25; at the higher Mach numbers obtained, however,
the stators seem to operate equally well at the design setting.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 10, 1953
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(a) Rotor ingtallation.

Figure 1. - 16-Inch impulse-type supersonic-compressor rotor
component test rig.
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Figure 1. - Concluded.

16-Inch impulse-type supersonic-compressor rotor installed in variable-component test rig.
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Figure 2. - Stators used in stage investigation of supersonic-compressor rotor with

C-29877

turning to axial direction.
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Claw-type total- Stagnation-type 24-Tube total-pressure rake
pressure probe thermocouple probe
Figure 3. - Instruments used in stage investigation of supersonic-compressor rotor with

turning to axial direction.
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