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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-99

PERFORMANCE OF A STRAIGHT STATOR AND A TILTED STATOR TESTED WITH
A HIGH-SOLIDITY HIGH-PRESSURE-RATIO TRANSONIC ROTOR™

By Ralph L. Schacht, Richard R. Cullom, and Arthur W. Goldstein

SUMMARY \;;chgg d?

An investigation was conducted to determine the overall stage and
stator blade~element performance with a straight stator and a tilted
stator i1n a transonic axial-flow-compressor stage. The performance data
were compared to observe the effect of stator blade tilt on the weight-
flow range. Both sets of stator blades were designed to operate near
the rotor stall point and to attain the same performance level.

The tilted stator did not achieve the greater weight-flow range
theoretically predicted. The acute corner made by the suction surface
and the casing caused such high losses that they more than offset any
gains predicted for tilted blades.

The straight-stator stage developed a pressure ratio of 1.24 at a
maximum efficiency of 0.92 and an equivalent weight flow of 28.5 pounds
per second in Freon 12 (equivalent value for air is 16.1 lb/sec) at the
stator design speed of 288 feet per second in Freon 12 (622 ft/sec in
air). For the tilted-stator stage, the pressure ratio, efficiency, and
welght flow were 1.22, 0.85, and 31.6, respectively.

With supersonic stator inlet Mach numbers the stators stalled when
the flow was tangent to the suction surface at the leading edge. /{kﬂ/)

INTRODUCTION

To obtain compressors with high stage pressure ratios and large
mass flow, considerable effort has been devoted to the development of
compressors having supersonic velocities relative to the rotor. The
major difficulty in the development of supersonic compressors is the
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large losses encountered in the stator (refs. 1 to 3). These losses re-
duce the adiabatic efficiency of the rotor-stator combination -and there-
fore make the stage performance unattractive for practical application.
However, transonic compressors have operated successfully with good
stage pressure ratios and large mass flows, but again the stator seems
to limit the efficiency of the combination as the stator inlet Mach num-
bers are increased (ref. 4). Therefore, more knowledge of stator per-
formance in the transonic Mach number range is needed.

Another problem encountered is that of rotating stall at low rota-
tive speeds. This rotating stall results from insufficlent flow range
of the inlet stages; it produces blade vibrational failures and contrib-
utes to poor engine acceleration. Thus, inlet stages with a large flow
range between choke and stall are desired.

The purpose of this investigablon, carried out at the NASA Lewis
Research Center, was to Investigate the range of performance of a set
of straight stator blades (i.e., sections designed along streamlines and
stacked on a radial line) and a set of tilted stator blades (i.e., ro-
tated about a streamline on the suction surface). Both sets of stator
blades were designed for the same rotor operating point. As discussed
in reference 5, the tilt of the stator blades reduces the effective an-
gle of attack for a given variation in flow angle, and thus the tests
should show the tilted-stator set to have increased range. Both sets of
blades were designed along the lines suggested by reference 6 specifi-
cally to cover the range of the high-solidity mixed-flow transonic rotor
tested in reference 7. The detailed blade-element data were taken at

both subsonic and transonic speeds in order to cover the stage range prdb-
lem, which is generally a low-speed problem, and also the transonic-stator

problem, where additional data are required to determine the variation of
losses and of design incidence angle with increasing inlet Mach numbers,
particularly for double-circular-arc airfoil sections. In addition, very
little information has been presented to date concerning the varilation
of low=loss incidence angle with stator inlet Mach number.

The overall performance of the transonic stage and the stator blade-
element data are presented for six corrected rotor tip speeds from 240 to

549 feet per second in Freon 12 (518 to 1184 ft/sec equivalent air values)

for both sets of stator blades. These rotor speeds produce stator inlet
Mach numbers from 0.5 to 1.1.

DESIGN
Rotor Design

The rotor used in this investigation was originally designed for
supersonic relative inlet Mach numbers (1.5 to 2.0). The original test
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results are reported in reference 8. The rotor was then modified for
transonic-type operation and reported in reference 7. The results of
this test showed the rotor to have a large radial variation in work in-
put; therefore, it was again modified for the present stator tests by
contracting the passage height. The tip of the rotor blade was cut down
from a 7-inch to a 6.72-inch radius at the exit. This increased the
axial component and lowered the absolute discharge flow angles.

Stator Design

Both sets of stators were designed using stage flow range as the
design criterion, as suggested by reference 6. According to this refer-
ence, two factors enter into the determination of flow range:r (1) the

surface~velocity~-diffusion ratio
v sin B
2 2,
v sin B 2 (1)
3 8 Z,C

)

and (2) the range of incidence angle i. (Symbols are defined in appen-

dix A.) The lower limit of angle of incidence may be either negative

stall (angle less than the angle tangent to the pressure surface K 2)
4

or choke. The upper limit of angle of lncidence may be either positive
leading-edge stall (angle greater than the angle tangent to the suction
surface KS,Z) or excessive surface-velocity diffusion (separation on
some downstream part of the blade). At low inflow Mach numbers, the in-
cidence angle will be the limit. At high inflow Mach numbers, choke and
surface-velocity-diffusion stall will limit the range. Figure 1 (redrawn
from ref. 6) shows these general limits.

The rotor was considered to be a flow generator to be used for a
study of stator range. No effort was made to design an acceptable stage.
The design for both sets of stators was picked at a rotor tip speed of
288 feet per second in Freon 12 (622 ft/sec in air).

Both sets of stators were designed to operate near the rotor stall
point. This point was selected in order to utilize as much of the rotor
range as possible. Thus, both sets of stators were designed for a point
(rotor stall) that is normally considered to be an off-design point of
operation. The negative-stall angle of the straight stator was selected
to be close to the experimentally determined flow discharge angle at
rotor choke. The straight bladé could thus be tested over its entire
range, whereas the tilted blade might be limited by the rotor range be-
cause of the reduction in the effective angle of attack caused by the
tilting. The tilted blades were tilted 45° about the stall flow angle,
because the analysis showed this angle was large enough to show a sub-
stantial range effect. No exact value for a limiting surface-diffusion
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parameter has been established. For this design, a value of CV/VS)S =

1.62 was used, because separation was not expected with this value.

The velocity ratio at stall and the stall angle determined the flow
condition at the mean radius. With the assumption of radial equilibrium
of the flow, calculations of conditions at the rotor hub exit showed
that the leading-edge wedge angle (KS’2 - Kp,Z) of the stator hub would

be very small if designed for the rotor exit conditions. The hub
leading-edge wedge was therefore increased, which resulted in a blade
design that would reach the assumed diffusion limit at the hub as the
flow was reduced; leading-edge stall would occur at some lower flow.

To preserve the assumed velocity and flow angles at the mean sec-
tion, the leading-edge wedge angle at the stator tip was decreased in
view of the increase at the hub. Consequently, stall at the tip leading
edge would occur at a higher flow than that at which the assumed diffu-
sion limit would be reached, while the blade at the mean section would
approach leading-edge stall and the assumed diffusion limit at the same
flow.

A photograph of the rotor and straight stator is shown in figure 2.
Figure 3 shows the rotor and tilted stator. Table I gives the blade
geometry of both stators, and table II gives the blade coordinates. Note
that neither stator blade was designed to turn the flow back to the axial
direction. Since no special problems would be encountered in the design
of another set of blades to accomplish this turning, the blades were not
constructed.

APPARATUS

The stators were tested with Freon 12 as the working fluid in a
closed system, as shown in figure 4. The rotor was driven by a 1500-
horsepower variable-frequency motor through a gear train. The pressure
developed by the stage was dissipated across the discharge throttle at
the end of the radial diffuser (fig. 5). The gas flowed from the dis-
charge collector through twin cooler assemblies to the inlet tamk. An
additional throttle was used in the inlet to control the pressure on the
coolers.

INSTRUMENTATION AND PROCEDURE

Inlet stagnation temperatures and pressures were measured in the
surge tank. Four static-pressure taps in the inlet nozzle were used for
determining the weight flow, using the nozzle calibration from numerous
previous surveys at station 1. The test section and the measuring

9¢g -
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stations are shown in figure 5. The variations of the rotor discharge
flow were determined at station 2 (about 0.64 in. downstream of rotor
hub and 1.69 in. upstream of straight stator) by 8-point radial surveys
using three combination probes at three circumferential positions. The
total pressure, total temperature, static pressure, and angle were ob-
tained from these probes (fig. 6).

Measurements of the stator discharge flow were made at station 3,
about 0.50 inch downstream of the straight stator. The same axial posi-
tions were used for location and test measurements of the tilted and the
straight stators. Eight-point radial surveys were made using four com~
bination probes and two 1l3-tube total-pressure rakes. The 13-tube cir-
cumferential rakes were set at the average flow angle obtained from the
four combination probes. The rakes were then reset at the average flow
angle minus 3° and data were retaken. Data were again taken with the
rekes reset at the average flow angle plus 3°. This procedure was fol-
lowed to gilve the effective coverage of a 39-tube rake, so that circum-

ferential variation of total pressure behind the stators could be obtained

very accurately.

Static taps were installed in the casing over the rotor and stator
and on the anterior portion of the stator suction surface at the hub,
mean, and tip sections. These taps were used for positioning the shock
at the stator throat.

The most reasonable evaluation of the reliability of the pressure
measurements is believed to be the comparison of the weight flows com-
puted from surveys at stations 2 and 3 and the nozzle calibration. The
surveys abt the higher speeds checked within 44 percent of the nozzle
weight flows. At the lower speeds a somewhat greater variation was ob-
tained. It must be remembered that the rotor and stator absolute dis-
charge angles were in the 30° to 60° range where a 2° error in angle
measurement can cause errors of x4 percent of the nozzle weight flows.

The performance of the stage was determined over a range of back
pressures from open throttle to nearly closed throttle for six speeds
from corrected rotor tip speeds of 240 to 549 feet per second in Freon
12. The inlet-tank pressure was maintained at atmospheric pressure.

The inlet-tank total temperature varied from 65° to 135° F, depending
on the load on the cooling system. Freon purity was maintained above 97
percent at all times.

The spike-type thermocouples used on the combinatlion probes at sta-
tions 2 and 3 were calibrated in air. Since the tests were conducted in
Freon 12, a correction was applied that corrected the calibration from
air to Freon 12. This correction is derived in appendix B.

L
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RESULTS AND DISCUSSION
Overall Performance

The stators operated at both subsonic and supersonic inlet Mach num-
bers. At low rotor tip speeds (240, 288, and 336 ft/sec in Freon 12),
the flow into and through the stators was subsonic. When a tip speed of
432 feet per second (Freon 12) was attained, the stator throat allowed
the internal shock system of the rotor to pass on through the stators to
some point in the passage downstream of the stators, resulting in super-
sonic flow into and through the stators. At this or higher tip speeds,
closing the throttle forced a shock up into the stators. The shock could
be positioned at the throat of the stators by increasing the back pres-
sure. This gave the most efficient stage operation for these higher
speeds where supersonic operation was possible. Closing the throttle
more caused a slight reduction in weight flow and forced the shock sys-
tem into the rotor, again giving subsonic flow into and through the
stators. The shock could not be stabilized in the section between the
rotor and stator.

9¢Z~d

The performance of the rotor and the straight-stator stage as meas-
ured at station 2 (about 0.64 in. downstream of the rotor hub) and station
3»(about 0.50 in. downstream of the stator tip) is shown in figure 7 as
plots of total-pressure ratio and adiabatic efficiency against equivalent "
weight flow. The same parameters are plotted in figure 8 for the tilted-
stator stage. At the stator design speed (288 ft/sec in Freon 12)) the
maximum efficiency (0.92) for the straight-stator stage was attained at
a pressure ratio of 1.24 and a corrected weight flow of 28.5 pounds per
second of Freon 12 (equivalent value for air is 1é6.1 lb/sec). For the
tilted stator, the maximum efficiency and the pressure ratio and weight
flow at this point were 0.85, 1.22, and 31.6, respectively. At the high-
est rotor speed tested (549 ft/sec in Freon 12), the peak efficiency was
0.78 at a pressure ratio of 2.03 and a corrected weight flow of 5l.2
pounds per second of Freon 12 for the straight-stator stage. The equiv-
alent values for the tilted stator were 0.73, 1.90, and 51.8. (The key
in fig. 7 gives the equivalent rotor tip speeds for air and Freon 12.
Hereinafter all rotor tip speeds will be given for Freon 12.)

The performance of the rotor as measured with the straight stator
was not exactly the same as with the tilted stator. Any radial distri-
bution of the flow caused by the stators affects the rotor performancej
and, since the modified rotor was not tested by itself, no data were
available for checking the effects of the stators on the rotoxr
performance.

The solid symbols in figure 7 are the stall and wide-open-throttle

operating points of the transonic rotor alone before modification, as
reported in reference 7. The straight stators at the low operating speeds
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did not decrease the operating range of the rotor. The three highest
speeds for the highest corrected weight flows showed that the total-
pressure ratio across the stator E%/Pz varied while the total-pressure

ratio across the rotor PZ/Pl and the weight flow remained essentially

fixed. This shows that the stator choked first. If the rotor had
choked first, P,/P; and Pz/P, would both vary while the flow remained
fixed.

The plots in figures 7 and 8 show that the straight stator achieved
a higher pressure ratio and a higher efficiency than the tilted stator.
The effective flow range of both stators was roughly the same, although
both the stall and choke flows of the tilted-stator stage were increased
about Z pounds on the corrected-weight-flow scale.

Stator Inlet Flow

The radial variations in stator absolute entrance flow angle B»

as measured from the axial direction and in absolute entrance Mach num-
ber My for both sets of stators are shown in figure 9. These varia-
tions are shown for two of the six rotor speeds tested for two differ-
ent operating conditions. The stall points are shown in figure 9(a),
and the maximum-weight-flow points in figure 9(b). The two rotor tip
speeds of 549 and 288 feet per second effectively show the range of in-
let Mach number and flow angle covered by the tests.

The radiel variation of stator inlet absolute Mach number was small
at all speeds tested. At speeds where the stator inlet Mach number was
subsonic, the absolute inlet Mach number was slowly reduced as the flow
was reduced while operating at constant speed. At higher speeds with
supersonic-type operation, the stator inlet Mach numbers and flow could
not change until the shock system was pushed forward of the stator throat
section.

The Mach numbers were effectively the same for both sets of stators.
This was expected, since both sets of stators were designed for the same
operating point.

The radial distribution of stator absolute entrance angle was approx-
imately the same for comparable operating points at rotor speeds of 240,
288, and 336 feet per second. At higher speeds, the radial variation of
stator entrance angle increased for operation at the maximum-flow points.
The radial variation of the stator absolute entrance angle at the stall
points was approximately the same for all speeds tested. Figure 9 also
shows the pressure- and suction-surface stator blade angles Kp,z and

K o+ The stall-point absolute flow angles approximately follow the
2
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shape of the stator suction-surface blade-angle distribution with radius
at all speeds. The suction-surface blade angle sets the stall angle for
stator operation with supersonic-type operation. The absolute flow an-
gles for the tilted stator were higher at both ends of the operating
flow range than those measured for the straight stators. Effectively,
the overall flow range was still the same for both sets of blades.

Stator Exit Flow

9¢e-H

The radial variations in stator absolute discharge angle Bz and

Mach number Mz for the straight stators are shown in figure 10. These

variations are shown for three different operating conditions for each
of the six rotor speeds studied. The open-throttle points are given only
to show that the flow expands through the stators to higher supersonic
Mach numbers 1f no back pressure is Imposed on the stators at the three
highest speeds. For practical operation, a back pressure is impogsed so
that a shock system is forced up to the throat section of the stators.
Considering only maximum-efficiency and stall points of operation, the
radial variation of stator discharge Mach number is small at all speeds
tested.

The trailing-edge blade angles of the suction and pressure surfaces

Kg 3 and Kp z and the design flow angles are shown in figure 10. The
b4 )

flow angles leaving the straight blades at the design point (288 ft/sec
tip speed and at stall) were approximately 3° higher than predicted (fig.
10(v)).

The exit absolute flow angles 83 and Mach numbers Mz for the

tilted stators are compared with those for the straight stator in figure
11. The exit Mach numbers are slightly lower than those of the straight
stators. The exit gbsolute flow angles show considerable unexplainable
overturning at all radii.

Straight~Stator Blade-Element Characteristics

Since the gain in range was not achleved by the tilted stator, the
detailed blade-element data will be presented only for the straight
blade. A later section will compare the losses of the two stators and
show to some extent what caused the trouble with the tilted stator.

The blade-element characteristics are presented in figure 1Z. The
data are presented for the six rotor speeds tested for three of the eight -
radial stations from hub to tip. The radial stations presented, ©.46,
6.06, and 6.46 inches, represent the trends of the data in going from
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near the hub to near the tip. The blade-element data are presented as
plots of stator inlet Mach number Ms, total-pressure-loss coefficient
®, diffusion factor D, and axial-velocity ratio v, S/Vz o agalnst

2
stator suction-surface incidence angle ig- ’

The stator total-pressure-loss coefficient is defined as the ratio
of the difference between the inlet free-stream total pressure and the
outlet averaged total pressure to the difference between the inlet total
and static pressures.

The equation for the diffusion factor (ref. 9) is

Vo sin Bo - Vz sin B v
D= z 3 S,.1.2 (2)

The suction-surface incidence angle iy i1s the angle between the

tangent to the suction~-surface leading edge and the inlet flow velocity
vector.

For all radial sections, increasing the rotor speed or Mach number
increased the magnitude of the minimum value of the total-pressure-loss
coefficient. The incidence angle at which the minimum total-pressure-
loss coefficient occurred also increased, and the low-loss incidence-
angle range was reduced as the Mach number was increased.

The minimum total-pressure-loss coefficient approximately doubled
as the speed was increased from 480 to 549 feet per second in Freon 12,
even though at most radii the Mach number level increased only slightly.
Mach numbers are above 1.0 at a tip speed of 549 feet per second at all
radial sections. As pointed out in reference 4, any increase in stator
inlet Mach number when the values are in the transonic range produces a
stronger shock-wave system and associated higher losses. This rapid
increase in total-pressure-loss coefficient is similar to the loss vari-
ation observed in many trausonic rotors {ref. 10). In 2 rotor, however,
the work input also increases as the Mach numbers are increased, so that
the decrease in efficiency is not as large as that caused by increased
losses due to increased Mach numbers in the stator.

The magnitude of the minimum total-pressure-loss coefficient in-
creased quite rapidly at the tip. The stator diffusion factor does not
explain this increase, since the diffusion factor was higher at the hub
than at the tip. The iIncreased losses at the tip must therefore be
attributable to separation of the boundary layer at the tip, since the
tip inlet wedge was decreased as explained in the design section and
therefore separation of the boundary layer due to angle of attack should
be expected.
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At stall, the diffusion factor had a range of values from about 0.3
to 0.55 as the rotor speed was changed. This range of values was approx-
imately the same for all radii. ,

The general limit lines comparable to figure 1 have been added to
the curves of Mach number against suction-surface incidence angle in
figure 12. On each curve the value of the surface diffusion (V/V5)S
computed from equation (1) (derived in ref. 6) is listed for each of the
stall points. S8tall limit in this case is defined as the flow angle
where the inlet flow becomes unstable. The value of (V/VB)S covers a
range from 1.64 to 2.08. If all the surface-velocity-diffusion factors
are averaged, a value of 1.84 is obtained. The overall performance data
(fig. 7) show the stage stall line to be approximately the same as the
stall line found in tests of the unmodified rotor alone. Since the modi-
fied rotor was never operated without stators, one can only say that the
complete stage stalled but cannot positively assert that the stator it-
self caused stall. Another reason for not picking a definite VYVE for
stall is that one radial section could have caused stall. If all sec-
tions stalled at once, (V/VB)S = 1.84 1is a reasonable average value.

If the tip caused the stall, the average value of CV/V3)S would be
about 1.92. The mean radii show about a 1l5-percent increase in ('\7/'\73)3

ag the tip speed is increased from 288 to 549 feet per second. The
stator inlet Mach number at the stall point varies from 0.61 to 1.07 for
the same change in tip speed. For design purposes, the value of CV/VB)S

was assumed to be 1l.62. At the stall point the measured value at the
mean radius for the design speed of 288 feet per second was l.64.

The data at low Mach numbers show that stall does not occur at the
suction-surface blade angle Ks,2 ag predicted by reference 6, but oc-
curs at an angle approximately 4° greater than Ks,Z' At the three high-

est speeds, where supersonic operation occurs, the suction surface does
set the stall angle.

From table I, one sees that the straight-stator leading-edge wedge
angles at the three radii are: 10.2° at r = 5.470, 13° at r = 6.000,
and 17.16° at r = 6.483. Reference 6 predicts this wedge angle to be
also the flow range of the blades at below design speed for these radii.
The data show this magnitude for the flow fTange, but the choke and stall
angles B, and BS are approximately 4° greater than predicted.

Tilted-Stator Blade~Element Characteristics

The blade-element characteristics of the tilted stator will not be
given in great detail; however, some comparisons with the stralght stator

9¢g—d
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will be made. Figure 13 shows plots of loss coefficlent against radius
for both the straight and tilted stators. The two operating points are
representative of the data at all operating points. The total-pressure-
loss coefficient is very high near the tip region. At the mean radii
the losses are approximately the same as those measured for the straight
stators, and at the hub the losses are lower than those measured for the
stralght stators.

The sketch in figure 14(a) shows that the designer has a choice
whether the suction surface makes an acute angle with the hub or with
the tip when blade tilt 1s prescribed for a blade. The tilted blades
for this design were tllted so that an acute angle was obtalned between
the suction surface and the tip casing. The flow in this corner seems
to have aggravated the already poor flow region normally found wherever
the suctlon surface of a blade meets a wall. The suction surface of the
blade at the hub made an obtuse corner with the hub, and exceptionally
low losses were measured in thils region. Further research is needed to
see whether a combination of tilt at the hub plus a straight blade at
the tip or some other configuration using tilt at both hub and tip and
st111 obtaining obtuse cormers with the suction surface (fig. 14(b))
would help solve the range and loss problem encountered in stators in
the transonic Mach number region.

SUMMARY OF RESULTS

An axial-flow-compressor stage was tested with straight and with
tilted stator blades in Freon 12 to investigate stator flow range and
to obtain stator blade~element data for transonic stator inlet Mach num~
bers. The following results were obtained from this investigation:

l. The straight-stator stage developed a pressure ratio of 1.24 at
a maximum efficiency of 0.92 and an equlvalent weight flow of 28.5 pounds
per second in Freon 12 (equivalent value for air is 16.1 lb/sec) at the
stator design tip speed of 288 feet per second in Freon 12 (622 ft/sec
in air). For the tilted stator the pressure ratic, cfficiency, and
weight flow were 1.22, 0.85, and 31.6, respectively.

2. At the highest rotor speed tested (549 ft/sec in Freon 1z, 1184
ft/sec in air), the peak efficiency for the straight-stator stage was
0.78 at a pressure ratio of 2.03 and a corrected weight flow of 5l1.2
pounds per second of Freon 12.

3. The tilted-stator stage did not achieve a grester flow range
than the straight-stator stage as theoretically predicted. The acute
corner made by the suction surface and the casing caused such high
losses that they apparently more than offset any gains obtained by tilt-
ing the blades.
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4. With supersonic-type operation, the stators apparently stalled
when the flow was tangent to the suction surface at the leading edge.
At low speeds with subsonic-type operation of the stators, the stall
angle was approximately 4° greater than the suction-surface blade angle.

5. The low-speed weight-~flow range of operation was of the magnitude
predicted by reference 6 (equal to the inlet blade wedge) but was dis-
placed on the weight-flow scale.

6. The average stall surface-velocity~diffusion factor for the
stators was approximately 1.84.

7. Increasing the inlet Mach number increased the magnitude of the
minimum value of the total-pressure-loss coefficient and increased the
inlet flow angle at which this minimum occurred.

8. With supersonic-type operation, placement of the shock system at
the stator throat gave the most efficient stage operation.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, August 4, 1959
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chord, in.
diffusion factor

angle of incidence, angle between tangent to stator suction-
surface leading edge and absolute velocity vector, deg

length of straight section on suction surface at trailing
edge, in.

absolute Mach number, ratio of absolute velocity of fluid to
local velocity of sound

number of blades

absolute stagnation pressure, lb/sq in.
Prandtl number

blade coordinates (tables I and II)
recovery factor

radial distance from axis of rotation, in.
radius of curvature of suction-surface leading edge, in.
blade spacing, in.

local temperature of moving stream, °R
blade thickness, in.

absolute velocity, ft/sec

average suction-surface velocity, ft/sec

fluid flow angle, angle between axis of rotation and absolute
velocity vector, deg

ratio of specific heats

blade-chord angle, angle between axls of rotation and blade
chord, deg
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seece

1 - (74/7,)
angle of tilt, deg
adiabatic efficiency

blade angle, angle between tangent to blade
direction, deg

solldity, ratio of chord to spacing

total~pressure-loss coefficient

Subscripts:

a

total or stagnation

choke operating conditicn
degign

hub

indicated

lower surface

pressure surface

stall operating condition
gsuction surface

tip

upper surface

axial direction

station 1, at rotor entrance
station 2, at rotor exit (stator entrance)

station 3, at stabor exit

200
esese

surface and axial

9geg-d
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APPENDIX B
CORRECTION FOR SPIKE-TYPE-THERMOCQUPLE CALIBRATIONS
FROM ATR TO FREON 1z
Reference 11 shows that, for high-veloclty flow for a flat plate

© with turbulent boundary layer, the recovery factor 1is

[\

[AN]

K} R.F. = (Pr)l/3 (B1)
where Pr is the Prandtl number, and the temperature recovery factor is
defined as

RF. = 5—% (B2)
where T; 1s the adiabatic indicated wall temperature, T -is the local
temperature of the moving stream, and Ta is the total or stagnation
temperature.

. For an ideal gas, R

T
a r-1.,2
) F=1l+—5"M (B3)

Substituting (Bl) and (BS) in equation (B2) gives

T, -
& =1+ L v en)/® (B4)
The air calibration of the probes was expressed in terms of the
parameter
T,
A=1-_= (B5)
Ty
Substituting (B4) and (B3) in (B5) gives
r-i 1 [ (Pr)l/s]
A = (B6)

14 T

Figure 15 shows the original calibration for six probes in air.
The dashed curve shows the theoretical flat-plate curve for air, using
equation (B8). The fit is fairly good up to Mach 1.0. Above Mach 1.0
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the thermocouple would always be behind a strong shock system caused by
the rest of the instrument; therefore, the thermocouple would always see -
some kind of subsonic correction.

With this reasoning, the air calibration was corrected to a Freon
12 calibration by the following:

Oppeon flat plate

O 12 = A a
Freon AAir flat plate Alr measure

9g2~d

Figure 15 also shows the calibration curve finally used for Freon 12.

One indication of the accuracy of the temperature measurements is
given by comparing the efficiencies as calculated using moment-of-
momentum calculations with those using the thermocouple data. This com-
parison showed the thermocouple efficiencies to be approximately 4 per-
cent higher than the momentum efficiencies. This agreement is consid-
ered satisfactory, since the temperature rises for a single stage are
very small, especially when tested in Freon 12 where the temperature
rise amounts to approximately one~third of the rise in air. Therefore,
any small error in temperature measurement or Mach number correction
shows up as a larger error when calculating the efficiency. It should
be noted that these apparent errors in temperature have little effect
on the stator performance.
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TABLE

I. - STATOR BLADE GEOMETRY

Axis of rotation

Straight stator

Tilted stator

r, in. 5.470 | 6.000 | 6.483 | 5.470 | 6.000| 6.483
Kg,27 deg| 44.9 48.0 52.9 55.33 | 57.52| 60.98
Kp,29 deg| 34.7 35.0 35.74 | 45.33 | 40.43| 36.36
Ks,3s deg| 27.2 26.9 26.16 | 34.46 | 31.76| 27.56
Kp,3 deg| 35.7 36.0 36.74 | 44.46 | 41.76| 40.56
t, in. 0.0896 { 0.1186 |0.1636 |0.0951 [0.1541 |0.2055
a 1.0953 | 1.143 | 1.210 | 1.486 | 1.3521 1.245
c, in. 1.504 | 1.725 | 1.972 | 1.798 | 1.796| 1.787
1/c 0.0964 | 0.1858 10.2481 0] 0.2773 |0.3530
er/S 3.215 | 2.550 |11.9709 | 4.093 | 2.208} 1.422
N 25 25
€, deg 0 45
ry, in. 6.720 6.720
r,» in. 5.188 5.188

9¢e-d
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TABLE II. - STATOR BLADE COORDINATES

(a) Straight blade

/-Point zZ

4

ﬁ____:_______§~§t-[£2

N
Leading edge\ 't

Y;

-~

Axis of rotation

Typical airfoll section, no scale.
line and perpendicular to airfoil sections.

Points Z form a line parallel to a radial

X, Blade coordinates, full size, in.
in.
r = 4.875 in. |r = 5.470 in. jr = 6.000 in. |r = 6.483 in.
T Y, Y, Y, Y, T, Y, Y,
o] 0 0 [o] 0 0 ¢} 0 0
A -.012 .025] -.011 .025] -.010 .032] -.011 .039
.2 -.013} .038} -.011 | .039}-.010] .050} -.011} .063
.3 -.013} .048{ -.012 | .051|~-.011| .064} -.012| .0B4
.4 -.013 056§ -.013 .060{ -.011 0771 -.013 .101
.5 -.014 .061} -.014 .066| -.011 .0871{ -.013 .118
.6 -.014 .064] ~.014 .070}| -.012 .094} -.014 .129
-7 -.014 .064) -.014 .072| -.012 .099] -.015 137
.8 ~.013 062§ -.014 0721 -.013 .101) -.015 .142
.9 -.013 L0571 -.014 .070 | -.014 .101} -.015 .145
1.0 -.012| .050] -.013 | .066| ~.013| .098} -.016 | .l44
1.1 -.012| .040} -.012 | .059{ ~-.013}| .092( -.016| .140
1.2 -.011 .0271 -.012 0501} -.012 L0841 -.016 «133
1.3 -.010} .014| -.011{ .038{ -.012| .074] -.015} .123
1.337} 0 0 | e e
1.4 -.011 .025] -.011 .060| -.014 .110
1.5 o] c -.011 044 -.013 .092
1.6 -.010| .030| -.013} .075
1.7 -.010} .0l4} -.012 | .057
1.723 0 0 | === |~
1.8 -.011}¢ .038
1.9 -.011 | .o21
1.971 o] o]
Coordinates of point 2Z
X, in. 1.011 1.011 1.011 1.011
Y, in. 0.045 0.041 0.036 0.022
¥° 34958" 35°16" 35039" 36°15"
Rl, ind 0.012 0.011 0.010 0.011
Ro, ind 0.010 0.011 0.010 0.011

SR
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TABLE II. - Concluded. STATOR BLADE COORDINATES
(b) Tilted blade
PN QUN—
y — 7
[Point 7 G
T 45 0.010" R 7
§ Lu F
c —— 3 s —
' \ - } Ul A
E E
! J 0.010" R~ _ v° 2.500" -7 — L
Leading Axis of r‘otatiN r A t
edge D D 1.500"
2.000" T | ™7 —
~ "
Typical airfoll section, no scale o C 1.000
2.817" | ——I———
B B \
K - _-71 N\-0.500"
View normal to line of points 2
i Blade coor‘dinaties, full size, in. B
B-B c-C 1 D-b E-E F-F G-G
v° 14951 20157 2191 20%48" 19957! 19°17¢ 199391
X, in.| v Y, Y, Y, Y, Y, v, Y, Y, Y, Y, Y, Y Yy
o) o} O o] 0] 0] &)
.118 -.006 .039 009
.236 .001 Nelg 0035
.354 .005 .090 00bH
472 .004 111 002
.590
.708 001
.825 00?
.943 Any 002
1.0861 curve Any 002
1.179 or curve 00c
1.297 [stralght 001
1.415 line
1.533 002
1.651 006
1.764 | | | |} meeme e e e
1.765 | -
1.768 | 1§ | mmmmm | e | oo | mm e
1.769 009 008
1.7 | | | | mmee= | mmmmm ] mmmm g o
1.795 ¢}
1.796¢ | v | ¢ O  |O | --==-]| --==-
1.798 0 [ [ R - I T
Coordinates
X, in 0] 0.9186 0.908 0.918 0.929
Y, in o] 0.090 0.038 0.088 0.085

9¢Z-H
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Angle of inflow, B

- Limits on operating range of a blade row.

Figure 1.
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Figure 6. - Combination probe used for measuring total pressure, total
temperature, static pressure, and flow angle.
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measured in Freon 12,

Total-pressure rati

N3

or

Adiabatic efficiency, Na
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2.2 f't/sec ’ - ==
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o 725 336 Ja »
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: < 1036 480 T
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pa— N
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1.6 ~ O — A
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A
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d .
—F —*@r,—o
5 — L. b~ ———— P,/P,
-8 a1 -5 — T Py/Py .
B —1o——%8=g Solid  Ref. 7 (wide-opemithrottle
1.2 and stall points)
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1.0
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.00
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2
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Fquivalert welight flow of Freon 12, lb/sec
= 7. - Performance characterlstics for stralght-stator stage.
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P3
0

Po
or
Py

Total-pressure ratio measured in Freon 12,

or Nz

N2

Adlabatic efficiency,
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Equivalent rotor
.0 tip speed,
ft/sec
Freon 12 — -
@] 240 ot T
a 288 (Design) ] ?ﬁ/
-8 <o 336 T
AN 432
A 480
< 549 —
b %~ TF
.6
- ~A
a7 J
-4 &_—‘O—NC_‘_ O
1| = 1
o ,DD— — DD:::@ e/ Py
-2 o T TRy
o— [~ T — 9
.0
.96
Mo L ¢
— — 7y ® |
.92
° //-; ™ ¢ /'\‘
7 e ~
.88 / . ]
/ Fg / /- <
/ /
/1 1/ - /
. o <
£4
.8 J R ~ —
A° A 4 /
/ P ,J\ 4
<
80 F b 4 O © / '
~ / 7 l
/ // 7 L,
N
/ / Y Py
.74 7/ <
/ / 4
/ / /
g i { N
/ 4
4 y4
/
[14] ;{
.68 7
/
<
.64
16 20 24 2 32 36 44 44 o!
Eguivatent welght flow of Freon 12, 1i/sice
Figure 8. - Pertormance characteristics for tilted-ssutor stass.
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1 ] <
Equivalent rotor 71/”

tip speed,
ft/sec y
Freon 12 /
=] 288 (Design) 50 —
< 543 4 \\ ‘/ P
——— Tilted stator 'H/ 0 L $T/

\

~— - — 3traight stator D/
A 46 /

a1l
™

Stator absolute entrance airflow angle, By, deg

g=
/ 5\ 4
E\\ == rd /q ‘ 42 tq"q"dﬂ
Nt T A BN
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Ny f' 38 o P r "

I =T
—_ 4 L - 4 - T%.
) B P
1.2
3 Tt~ — <= g $ "’a‘wh%&
P ~ \

D‘.B:-D-\—-D_ T TO—

Mach number, M,

Stator absolute entrance

92853

B —_ ] .D‘ﬁ\\ ﬂ\
i R o] 0 [0 T3y
8]
4
z 5.6 e.0 6.4 6.8 5.2 5.6 6.0 6.4

Stator entrance radius, rp, in.
(a) Stall points. (b) Maximum-weight-flow operating points.

Figure 9. - Conditions at stator entrance for various speeds.
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Stator absolute discharge airflow angle, Pz, deg

Stator absolute discharge .Mach

number, Mz
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(b) Maximum-weight-flow operating points
{subsonic operation, wide-open throttle;
supersonic operation, shock at stater

throat).
2
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Figure 11. - Stator discharge flow angles and Mach numbers for various conditions.
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Absolute entrance Mach number, M
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Figure 13. - Comparison of straight- and tilted-
stator blade-element characteristics. |
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