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I, SUMMARY

The efficiency, weight flow range, and tolerance to distorted inlet air flows
were evaluated for a single-stage, 1400 ft/sec tip speed transonic compressor
under Task I of NASA Contract NAS3-11157. The Task I Stage was tested with
undistorted inlet flow and with both radial and circumferential inlet dis-
tortions.

The 1400 ft/sec tip speed Rotor 1B used in the Task 1 Stage was tested pre-
viously as an isolated blade row under NASA Contract NAS3-7617. A set of
stator vanes was designed under the present contract to match the rotor exit
flow at design speed and return it to the axial direction at stator exit,

Results of the undistorted inlet overall performance tests at 100% design
speed showed that the Task I Stage achieved a total-pressure ratio of 1,624
al a weight flow of 217.2 lbs/sec with an adiabatic efficiency of 0,852,
Stall margin was over 0.20 at this operating point, Rotating stall limits
were determined at 50, 70, 80, 90, 100, and 110% of design speed, Blade
element data for rotor amd stator blade rows were obtained at five operating
conditions at each speed,

Peak rotor efficiency at 100% design speed was approximately 2 percentage
points less in the Task I Stage tests than measured in previous Rotor 1B
tests, Unstalled weight flow range at 100% speed increased, however, It
was believed that the addition of stators close fo the rotor trailing edge,
plus a hub flowpath change made when adding the stators, increased rotor hub
loading and decreased rotor tip loading and produced both the efficiency and
the flow range gifferences.

Tip radial and circumferential inlet distortion tests were conducted at 70,
90, and 100% design speed. Stall points were determined at these speeds for
both types of inlet distortion, Overall performance points were taken near
stall, near peak efficiency, and at maximum flow for each speed, Blade ele~
ment traverses with radial di'stortion were obtained at 100% speed at the
above three operating conditions, Circumferential distortion secreen rotation
tests were conducted at three similar operating conditions at 100% speed,
Substantial reductions in stall margin and efficiency were caused by inlet
flow distortions. At design speed with radial distortion, for example, 5
percentage points in adiabatic efficiency were lost, and stalling weight
flow increased from 186.5 lbs/sec to 208.,5 lbs/sec. Design speed stalling
weight flow with circumferential distortion increased to 197.5 lbs/sec, and
peak stage efficiency was reduced by approximately 3 percentage points,



Ii, INTRODUCTION

The need to reduce the size and weight of gas turbine engines for advanced
military and commercial aircraft has-led to the use of high-tip-speed fan
and compressor stages, and thus, data on the aerodynamic performance of such
stages at various operating conditions will be beneficial in future design
and development efforts, This research program was initiated to obtain in-
formation on the efficiency, stall margin, and distortion tolerance of a
representative high-tip-speed transonic compressor stage,

The 1400 f£t/sec tip speed single-stage compressor, designated the Task I
Stage, was tested with undistorted inlet flow and with both radial and cir-
cumferential inlet flow distortions, The results and analysis of these tests
are reported herein, Major objectives of the Task I phase of.this research
program were: to determine the efficiency and unstalled weight flow range of
the Task I Stage; to evaluate any effect the stator might have on the rotor
performance; and, to obtain blade element data on both rotor-and stator. Ad-
ditional objectives were to determine the tolerance of the compressor stage l
to radially and circumferentially distorted inlet flows and to obtain exten-
sive data on the structure of the distorted flow fields. The Task I Stage
employed existing 1400 ft/sec tip speed Rotor 1B and a matching stator. The
rotor had been tested previously as an isolated blade row and demonstrated-
excellent efficiency and weight flow range. It thus was seléected as the basic
component of a stage having a high performance potential and representative of
current advanced engine ¢ompressors,



IIT, APPARATUS AND PROCEDURE

1. TEST COMPRESSOR STAGE

The basic design requirement for the Task I Stage was to provide a stator

to match the flow conditions leaving Rotor 1B, a high-peérformance 1400

ft/sec tip speed rotor previously tested as an isolated blade row (Reference
1). The Task I Stage test vehicle employed much of the existing hardware
irom earlier Rotor 1B testing, including rotor blades and inlet ducting., New
hardware included the stator vanes, stator hub region flowpath parts, and a
special inlet section for distortion testing. The flowpath is shown in
Figure 1, which also shows the original Rotor 1B test wvehicle flowpath for
comparison., Photographs of the rotor and a stator vane are shown in Figures
2 and 3.

Additional details of the Task ] Stage design are given in Reference 2, and
Table I is a summary of Task I Stage blade row design parameters and predicted
performance. The rotor and stator were matched at a stage design condition

of 219.4 lbs/sec weight flow at 100% corrected rotor speed. Predicted stage
overall performance at this point was a total-pressure ratio of 1,617 with an
adiabatic efficiency of .0.873. This stage design point corresponded to a
Rotor 1B test point near peak efficiency at design speed. The rotor had 0,206
stall margin¥, a total-pressure ratio of 1,636, and an adiabatic efficiency of
0.8915 at this operating condition. Complete Rotor 1B test data are presented
in Reference 1, '

The design of Rotor 1B is described in Reference 3., This 1400 ft/sec tip
speed rotor had an inlet hub:tip radius ratio of 0.5, a tip solidity of 1.3,
and an aspect ratio of 2.5 with radially constant chord length. Design tip
diffusion factor was 0.35, and design tip inlet relative Mach number was 1,43,
The Ttip blade section shape was a multiple-circular-arc type. A part-span
shroud was located at approximately 60% span from the hub; below the part-
span shroud the blade section shapes were double-circular-arc type. Rotor
cascade geometry is given in Table II. Rotor tip clearance at 100% speed was
in the range from 0,030 inch to 0,037 inch, approximately the same as in pre-
vious Rotor 1B tests.

The stator vanes were. designed to be compatible with the rotor exit absolute
air angles measured in Rotor 1B test Reading 52 (Reference 1), the operating
condition defined as the Task I Stage design point. The stator had double-
circular-arc type vane sections at the outer part of. the blade which biended
into arbitrarily shaped hub sections designed especially for low suction sur-
face Mach numbers. Stator hub solidity was 2.155, and the aspect ratio was

. BP/P p/pP
* — -—
Stall margin (W\/’e/é) stall / ( w/8/8 ) operating 1.0

point



2.065 with radially nonconstant chord., Additional stator design details are
given in Reference 2 and in Tables I and III of this report.

A comparison of stator vane hardware quality with the design intent is given
in Figures 4(a), 4(b), and 4(c) for tip, pitchline, and hub vane sections,
respectively. Average vane sections were determined from preobograph inspec-
tions of five vanes selected at random. Agreement with design intent was
generally good,

2, INLET DISTORTION EQUIPMENT

The Task I radial and circumferential inlet distortion screens were the same
types used in the previous Rotor 1B distortion testing reported in Reference
1. " The radial distortion screen for Task I covered the outer 40% of the an-
nulus area, while the circumferential screen spanned 90° of the annulus from
hub to tip. Both screens were made of 20 mesh, 0,016-inch-diameter wire,
giving a screen solidity of 0.54., Photographs of the distortion screens are
shown in Figure 5, The distortion parameter, (Pmax,~ Ppin,)/Pmax., for this
screen material was estimated from previous test data to be 0,20 at the Task
I Stage design weight flow and -speed. ’

The support screen, which spanned the entire amnulus, and to which the dis-
tortion screens were attached, was designed to be rotated 360° past the in-
strumentation for the circumferential inlet flow distortion testing. The
support screen material was one-inch-square mesh with 0,093-inch-diameter
wire and gave an open area of 83.4%. The support screen was designed to
separate into halves to facilitate installation.

The distortion screens were located one rotor diameter forward of the rotor
leading edge, and were mounted in a cylindrical section approximately one
rotor diameter long which was inserted into the test vehicle only during
distortion testing,

3. TEST FACILITY

Performance tests were conducted in General Electric's House Compressor Test
Facility in Lynn, Massachusetts, The test compressor drew atmospheric air
through two banks of filters. The first filter bank was intended to remove
22% of the particles larger than 3-5 microns (dust spot test), and the second
filter bank was intended to remove 90-95% of the remaining particles down to
the same size, The air then passed through a coarse-wire inlet screen, "into
the bellmouth and then through the test compressor, In the exit assembly, the
compressor discharge flow was split into two concentric streams. 'The inner
air stream was passed into an exit pipe containing a flow straightener and a
venturi flow meter and then was exhausted to the atmosphere. The outer air
stream passed through a slide cylindrical throttle valve into a collector,
Two pipes, each of which contained a flow straightener and a venturi flow
meter, then discharged the outer stream to the atmosphere, Power to drive
the test compressor was provided by a high-pressure noncondensing steam tur-
bine rated at 15,000 horsepower, A schematic layout of the test facility is
shown in Figure 6.

4



4, INSTRUMENTATION

A listing of major fixed and traverse instruments provided for each phase of
the testing is given in Table IV, The locations of these instruments, and of
the hub and casing static-pressure taps, are shown in the instrumentation
schematics, Figures 7 and 8,

All traverse probes were calibrated for Mach number and pitch angle effects,
and these calibrations were used in the ‘data reduction calculations, Static
wire calibrations for thermocouple sensors were properly accounted for, Fixed
temperature and pressure rakes were calibrated for Mach number and yaw angle
effects, These generally proved to be small enough to be neglected, except
for the effect of Mach number on total-temperature recovery.

a, Undistorted Inlet Test Instrumentation

Overall performance measurements were obtained from fixed instrumentation at
stage inlet and exit, located at seven radial positions corresponding to design
streamlines passing through 5%, 10%, 30%, 50%, 70%, 90%, and 95% of the annulus
height from the tip at the rotor exit, Plane 1.51. The inlet total pressure
was obtained from six 7-element pitot-static rakes located in the bellmouth at
Plane 0,01, The inlet total temperature was measured with 24 chromel-alumel
thermocouples distributed over the face of the vehicle inlet screen, Stage
exit conditions were measured at Plane 2.20 with seven l4~-element total~pressure
and total-temperature wake rakes, Figure 9(a) shows a picture of one of these
rakes. Discharge static pressures were measured by eight hub and eight casing
static taps at the exit plane,

For blade element data, the inlet total conditions were obtained in the same
manner as for overall performance data, The static pressure at rotor inlet,
Plane 0,95, was measured at each immersion with an angle—séeking static-pressure
wedge traverse probe shown in Figure 9(b). At the rotor exit/stator inlet sta-
tion, Plane 1.51, the total pressure, total temperature, and flow angle were
obtained at each immersion from a cobra probe. Figure 9(c) shows the cobra
probe'’s sensing head, One 8° wedge probe, similar to the probe shown in Figure
9(b) and designated T-4 in Figures 7 and 8, was used to measure static pressure
at this location. Stator exit total temperatures and total pressures were
obtained from the fixed wake rakes used to determine overall performance. Exit
static pressures and absolute flow angles were measured at each immersion with
an angle-seeking static-pressure wedge probe (T-11 in Figures 7 and 8).

b. Radial Distortion Test Instrumentation

The inlet total pressure used for overall performance with radial inlet flow
distortion was based on measurements from two 7-element inlet distortion total-
pressure rakes, shown in Figure 9(d), located downstream of the distortion
screen at Plane 0,18." Inlet total temperature was obtained from the 24 thermo~
couples distributed over the vehicle inlet screen at Plane 0.0l1. The stage
exit conditlons for overall performance were measured by the same exit wake
rakes used in undistorted inlet tests,



Blade element data with radial inlet flow distortion were determined using the
same instrumentation as had been employed for the undistorted inlet tests,
except that rotor inlet conditions for each immersion at Plane 0,95 were based
on measurements of total pressure, total temperature, static pressure, and
flow angle irom a combination probe. Figure 9(e) shows a photograph of the
combination probe sensing element,

¢, Circumferential Distortion Test Instrumentation

Overall performance data with circumferential inlet distortion were obtained
from measurements taken with the-same fixed instrumentation as had been em-
ployed in the radial distortion tests.

Flow survey data were acquired at each blade row inlet and exit using four-
parameter combination probes, designated T-3, ™8, and T-13 in Figures 7 and
8. Values of total pressure, total temperature, static pressure, and flow
angle at three radial positions {(corresponding to the 10%, 50%, and 90% of
annulus height immersions) were obtained using these probes,

d. 8Stall Test Instrumehtation

Three hot-wire anemometer probes at Plane 1,51, shown in Figure 9(f), were im-
mersed during stall tests to the 10%, 50%, and 90% immersions to detect the
initiation of stall and the radial extent of the rotating stall cells, For
all other testing the hot-wire probes were removed from the airstreanm,

5. .DATA REDUCTION METHODS

Three separate computer programs-were used to reduce the test data, The Over-
all Performance Data Program computed average fluid propertiés at each'mea-
suring station from data measured by fixed instruments. It then calculated
overall stage and rotor performance parameters such as total-pressure ratio
and adiabatic efficiency., The Blade Element Data Program calculated vector
diagram and blade element performance parameters for seven streamline sections
of both the rotor and the stator., This program processed data measured by
both fixed and traversing instruments, The above two computer programs were
used primarily to reduce data obtained during undistorted inlet and radial
inlet flow distortion testing, A special Circumferential Distortion Data
Program was used to calculate vector diagram datz at numerous circumferential,
radial, and axial locations for circumferential inlet flow distortion testing.
This data reduction computer program also calculated overall performance data
from average fluid properties determined by mass averaging throughout the
entire flow field. Input data for this program were obtained from both fixed
and traverse instruments for 12 different circumferential positions of the
distortion screen and at & immersions,

Several assumptions were made that were common to all three data reduction pro-
grams, First, it was assumed that the radial position ard meridional slope
angle of each stream surface on which data were recorded were fixed at the
design value for all operating conditions, Second, all mass-averaging
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calculations used to determine average total-temperature and total-pressure
values were formulated in terms of enthalpy and entropy. Finally, the real
gas properties of dry air were used in all thermodynamic calculations,

Additional information on data reduction methods appears in the following
sections,

a., Overall Performance Data Program

Average stage inlet conditions with undistorted inlet flow were taken as the
arithmetic average of the Plane 0,01 thermocouple and total-pressure pitot

rake readings, With radial inlet flow distortion the average stage inlet .
total temperature was calculated as mentioned above, but inlet total pressure
was radially mass averaged from readings of the two distortion rakes located

at Plane 0,18 between the distortion screen and the rotor. The static pres-
sure used in the mass—averaging procedure was determined at each of the seven
instrument positions by a linear interpolation versus radius between arith-
metically averaged hub and casing wall static pressure values. Total pressure
at each radial position was taken as the arithmetic average of the values given
by the two inlet distortion rakes. An approximate value of average inlet total
pressure was also calculated by this program for the case of circumferential
inlet flow distortion; at each radial instrument position, the pressure reading
from the Plane 0,18 rake located in the 270° extent undistorted region was
weighted three times as heavily as that from the rake located in the 90° extent
distorted region when calculating the local average pressure, These were then
mass averaged radially as in the case of radial inlet flow distortion. With
either inlet distortion, Plane 0,18 flow angles were assumed to be zero degrees,
or axial, ’

Average stage exit total pressure and total temperature were calculated from
data measured by the Plane 2,20 wake rakes. Both radial and circumferential
mass averaging were used to properly account for variations of measured pro-
perties across the stator spacing as well as radially. The static pressure
required at each of the seven radial measurement positions was again obtained
by linear interpolation between average wall static pressure values, In
addition to overall fluid properties at Plane 2,20, the data reduction pro—
gram also calculated average total temperature and total pressure at each
radial position by mass averaging circumferentially across each wake rake,

Flow angles at Plane 2,20 were assumed to equal zero degrees plus or minus

any stator stagger adjustment. These methods of obtaining discharge conditions
were believed to offer excellent accuracy for the axisymmetric flow fields
expected with undistorted or radially distorted inlet conditions, but to be
only approximate for circumferential distortion testing. In order to calculate
more accurate total properties with circumferential distortion at each specific
discharge wake rake radial and circumferential location, the static pressure
associated with each particular wake rake was interpolated from readings of

hub and casing wall static taps located at the same circumferential position

as the wake rake,



Rotor exit total pressure at each of the seven radial measurement positions
was taken as the arithmetic average of the three highest readings on each
stage exit wake rake, Total temperature at each radial position was assumed
equal to the stage exit value. Average total pressure at the rotor exit
station was calculated by a radial mass-averaging procedure which used a
weight flow fraction at each radial position calculated from stage exit pro~
perties and flow angles,

The average total temperatures and total pressures at the stage inlet, rotor
exit, and stage exit measurement stations were used to calculate overall per-
formance parameters for the stage as a whole and for the rotor as an isolated
blade row. In addition, the Overall Performance Data Program computed average
total-temperature and total-pressure values at each of the seven radial posi-
tions at each measuring station; these values were then used as input data to
the other data reduction computer programs.

b, Blade Element Data Program

Blade element and vector diagram data were obtained for both rotor and stator
during undistorted and radial distortion tests, Traverse probe measurements
for undistorted inlet and radial distortion tests were obtained at seven im-
mersions at the inlet and exit stations of each blade row. Circumferentisal
uniformity was assumed for all such traverse data.

Rotor inlet static pressure and flow angle at Plane 0,95 were obtained at each
immersion from an angle-seeking wedge probe for undistorted inlet testing,
Tmmersion values of total pressure and total temperature at rotor inlet were
assumed equal to compressor inlet values measured at Plane 0,01, With radial
distortion, the rotor inlet total pressure, total temperature, static pressure,
and flow angle were obtained at each immersion with a four-parameter combination
probe, -Total pressure, total temperature, and flow angle at rotor exit/stator
inlet station, Plane 1.51, were obtained from cobra probe %raverses, while the
static pressure was obtained from 8° static-pressure wedge probe measurements
for both undistorted .and radial distortion tests, Stator exit total pressure
and total temperature were obtained from fixed instrumentation as calculated
by the Overall Performance Data Program. Static pressure and flow angle were
measured with an angle-seeking static-pressure wedge probe,

When the thermodynamic properties were determined at seven radial positions at
each measuring plane, they were transferred along streamlines to the leading

and trailing edges of each blade row, As mentioned, the slopes, radii, and
streamtube convergence along streamlines between measurement plane and blade
edge were assumed to remain fixed at the design values for all flow conditions.
The tangential velocity was obtained at the edges of the blades by applying the
condition of constant moment of angular momentum along each streamline. The
calculated meridional Mach number at the measurement plane was used to determine
the meridional Mach number at the blade edge from the streamtube convergence
relationship illustrated in Figure 10, This method was a good approximation
when the radius change between the blade edge and the measurement plane was
small, However, since there was appreciable swirl velocity at the rotor trailing



edge, any large radius changes would adversely affect the approximate results.
Table V gives the constants used in these computations for both rotor and
stator., With the measured total conditions assumed to be constant along the
design streamlines, and the tangential velocities and meridional Mach numbers
determined at bhlade edges in the ahove manner, the velocities, Mach numbers,
and all vector diagram components were determined at the edges of each blade
row, ’

Calculated blade element performance parameters included diffusion factor,
static-pressure-rise coefficient, total-pressure-loss coefficient and loss
parameter, adiabatic and polytropic efficiency, plus total-temperature -and
total-pressure ratios, Table VI gives a symbolic listing of these parameters.

Values of rotor and stator total-pressure-loss coeificient and loss parameter
and of blade element efficiency were obtained by two different methods.

Method 1, which was generally preferred, used the standard vector diagram

data obtained from the traversing cobra probe at Plane 1,51 for Mach numbers
and velocities, However, this method used the total pressure and total tem~
perature at Plane 1.51 inferred from the fixed rakes at Plane 2,2, The total
pressure at each immersion at Plane 1,51 was obtained as the arithmetic average
of the three highest readings of total pressure from the corresponding stator
exit wake rake, These values were calculated by the Overall Performance Data
Program and were used as inputs to this blade element data calculation, Method
2 used the same vector diagram data as Method 1 but with the total pressure and
total temperature measured by the traversing cobra probe at Plane 1,51, These
stagnation properties measured at Plane 1,51 were taken to represent both rotor
exit and stator inlet conditions.

c¢. Circumferential Distortion Data Program

With the nonaxisymmetric. flow produced by circumferential inlet flow distortions
special procedures were required in order to determine the circumferential
variation of vector diagram parameters and to calculate overall performance

from filuid properties that had been mass averaged circumferentially as well as
radially. At certain operating conditions compressor speed and weight flow
were maintained constant, and the distortion screen was rotated to 12 different
circumferential positions. Both fixed and traverse instruments were read at
each screen position, and the resulting data input to the Circumferential Dis-
tortion Data Program.

Stage exit total températures and total pressures, measured at Plane 2,20 by
wake rakes, were obtained in the form of local mass—averaged values at 10,

30, 50, 70, and 90% immersions at each screen position from the Overall Per-
formance Data Program. Stage exit static pressure and flow angle were mea-
sured by a four-parameter traverse probe at Plane 2,20 immersed to the 10, 50,
and 90% immersions at each screen position, At Planes 0,95 and 1.51 {the
stage inlet and rotor exit planes) total pressures, static pressures, and flow
angles were measured at three immersions by four-parameter probes. Rotor exit
total temperatures were also obtained from the Plane 1,51 four-parameter probe.



Input data were first corrected for variations in atmospheric conditions by
applying temperature and pressure correction factors € and § as determined

from the Plane 0.01 datz listed in the output of the Overall Performance Data
Program for the appropriate screen position. The stage corrected inlet tem-
perature was then assumed constant, equal to 518,688° R, Radial interpolations
versus radius were used with the data from the traverse probes to determine
fluid properties at the 30% and 70% immersions where traverse data had not been
recorded. The circumferential position of each instrument, and thus of each
item of measured data, relative to the distortion screen centerline, was then
determined., Finally, by linear interpolation versus circumferential position,
a value of total temperature, total pressure, static pressure, and flow angle
was deduced at 12 standard circumferential positions at each of the § radial
positions at Planes 0,95, 1,51, and 2,20,

These four fluid conditions, plus the assumption of design streamline slope
angle, were sufficient to calculate all vector diagram components at each of
the standard points in the f£flow field, In addition to calculating vector dia-
gram data, the Circumferential Distortion Data Program also used this extensive
set of data to calculate an average value of total temperature and total pres-
sure at each measuring station, These were obtained by a mass-averaging pro-
cedure which accounted for circumferential as well as radial variations, These
average fluid properties were then used to calculate overall performance for
the stage and for the rotor as an isolated blade row,

6, TEST PROCEDURE
a, Shakedown Testing with Undistorted Inlet Flow

A shakedown test was conducted with undistorted inlet flow as the initial phase
of the Task I Stage testing to demonstrate the mechanical integrity of blading
and test vehicle, to check out instrumentation and data reduction procedures,
and to determine safe limits of operation. The test procedure employed during
the shakedown test was, in general, typical of the procedure followed during
the undistorted inlet, test phase of the program,

A primary consideration of the shakedown test was to establish the limits of
stall-free operation over the range of speeds from 50% to 110% of design,
First, the most-open safe throttle setting was determined at each speed, The
throttle was then closed slowly until hot-wire anemometer and strain gage
signals indicated the formation of rotating stall cells, The radial extent
of the stall cells was established from the strength of the signals observed
on the three hot~wire anemometer probes located at the rotor exit Plane 1.51
at the 10, 50, and 90% immersions, These probes were used only during stall
testing and were removed from the airstream for all other readings., The dis-
charge throttle valve setting and ICPAC* system weight Ilow were recorded at

*The ICPAC system (Instantaneous Compressor Performance Analysis Computer) is
an analogue circuit which senses weight flow and pressure ratio, and which
plots these quantities nearly instantaneously to provide an approximate on-
line compressor verformance man.
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"stall, The corrected inlet weight flow at stall was determined from a corre-
lation of ICPAC flow with corrected nozzle flow for all throttle settings at
each speed,

Overall performance readings were taken at points near stall, near peak effi-
ciency, and at maximum flow for each speed, Various stator settings, from -8°
open to +11° closed, were investigated to evaluate their effect on stage and
rotor overall performance for the purpose of establishing the optimum stator
setting to be used in the remaining Task I testing.

Blade element traverses were obtained at two throttle settings near peak effi-
ciency at 100% speed during the shakedown test. Four traverse probes were im-
mersed to seven radial positions each, The Plane 1,51 static-pressure wedge
brobe was manually set at the flow angle indicated by the nulled yaw position
of the cobra probe at Plane 1.51. The other static-pressure wedge probes, lo-
cated at Planes 0,95 and 2,20, were flow-angle seeking. An overall performance
point was taken immediately before each blade element traverse at the same
throttle getting with all probes removed from the airstream,

b. Undistorted . Inlet Performance Testing

Shakedown test results were used to select the design stator setting for undis-—
torted inlet flow testing. Operating procedures were very similar to those
used in the shakedown test, but the emphasis of undistorted inlet testing was
on obtaining blade element traverse data at a large number of operating condi-
tions.

After accelerating to a particular speed at the open~-throttle position and sta-
bilizing, a blade element traverse reading and the associated overall perfor—
mance reading were recorded., The discharge throttle valve was then closed to
stall, to obtain a2 repeat check of the stall limit, A point near stall was

then selected to obtain overall performance and blade element traverse data.
Three additional operating conditions, equally spaced along the speed line
between near-stall and open-throttle points, were selected at which to take
data., With the completion of the five overall performance and blade element
data readings at one speed, the vehicle was accelerated to the next higher speed
along a constant throttle line at the maximum flow end of the speed line and the
procedure repeated.

Three continuous traverses were conducted at 100% speed to more clearly define
the effect of the part-span shroud wake on rotor exit conditions, The cobra
probe located at Plane 1,51 was immersed to 36 closely spaced radial positions,
and total pressure, total temperature, and flow angle measurements were obtained,

¢. Undistorted Inlet Testing with Long Inlet Duct
An undistorted inlet test was also conducted to determine the effect of the long
inlet duct that was later used for inlet distortion testing on baseline overall

performance and stall limits. The long inlet duct was used with the distortion
suppotrt screen installed but without a distortion screen in place for this test.
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The support screen split line was set at 120° from top center to allow its
wake to pass between the two inlet distortion total-pressure rakes located at
30° and 195° from top center. The compressor was stalled at 70%, 90%, and
100% speeds. Three overall performance readings were takéen at previously
tested operating conditions at each speed. A continuous traverse reading at
the rotor inlet, Plane 0.95, was obtained at the near-stall .point for each
speed in order to gain information on stage inlet boundary layer thickness,

d. Radial Distortion Testing

S$tall points with radial distortion were established at 70%, 90%, and 100%
speeds, Overall performance readings were obtained at maximum flow near stall
and an intermediate throttle setting at each speed, Three blade element tra-
verses were taken with radial distortion at 100% speed in conjunction with
the overall performance readings taken at that speed,

e, Circumferential Distortion Testing

The circumferential distortion tests were conducted at the same speeds (70%,
90%, and 100%) that were used for radial distortion, The stall 1imit was
determined at each speed, Overall performance data were acquired at three
operating conditions - maximum flow, near stall, and an intermediate flow
setting at all three speeds, :

Three screen rotation tests were conducted at 100% speed with 12 screen po-
sitions at each operating point, The circumferential distortion screen center-
line was set a2t a nominal position of 195° for the initial reading with all
traverse probes retracted, An overall performance reading was taken after
stabilization, and then the traverse was conducted with data measured at each
of three immersions while the probes were actuated inward, With the probes

at their innermost location (90% immersion), the distortion screen-was rotated
30° to the next position., Conditions were stabilized, and the' probes retracted
to their outermost (10% immersion) location while data were read at each im-
mersion, An overall performance reading was taken when all probes were removed
from the airstream. The screen was then rotated to the next position and the
procedure repeated, . )
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IV. RESULTS AND DISCUSSION

1. UNDISTORTED INLET PERFORMANCE

Testing with undistorted inlet flow was conducted during the shakedown test,
the undistorted inlet performance test, and during a special test utilizing
the long inlet duct (normally used for distortion testing) without an inlet
distortion screen installed. Presentation and discussion of the data from
these tests appear in the following sections.

a, Overall Performance Data

Listings of measured overall performance parameters for the three undistorted
inlet tests are given in Table VII(a) - (c)., Table VII(a) presents the data
obtained during the shakedown testing. One of the major objectives of the
shakedown tests was to determine the effect of stator setting on weight flow
and efficiency. The results obtained from the tests in which the stator set-
ting angle was varied are discussed in Section IV-1,f, where it is shown that
the design stator setting of zero degrees was found to be the best compromise
between efficiency and stall margin considerations.

Overall performance data recorded during undistorted inlet performance testing
are listed in Table VII{(b). All data in this listing were obtained at the
design stator setting. Performance maps are presented in Figures 11 and 12 -
for stage and rotor performance, respectively. The performance of Rotor 1B,
as reported in Reference 1, is also shown in Fipure 12 for comparison, The
predicted stage performance at the stage design point, based on the earlier
Rotor 1B test data, is shown in Figure 11, At the design stapge pressure ratio
at 100% speed, the achieved weight flow was within one percent of the design
intent.

The compressor was stalled at least twice at all speeds except 110%; repeat-
ability of the stalling weight-flow values was generally within 1.5 lb/sec
(less than 1%). The stall lines shown on the performance maps, Figures 11

and 12, are based on the highest recorded stalling flow at each speed, and
thus are conservative, Hot-wire anemometer signals indicated that the rotat-
ing stall cells initiated at the rotor tip at all speeds. At all speeds the
velocity fluctuations associated with the rotating stall cells were largest

at the Tip and pitchline and were rather slight near the hub. An intermittent
rotating stall was observed at 110% speed at the rotor tip.

b. Blade Element Data

Blade element data readings were obtained at five operating conditions at each
speed., The readings at which blade element data were obtained are indicated
in Table VII(b), which lists the measured overall performance parameters for
each reading. Listings of calculated blade element performance quantities for
the rotor and the stator blade rows are contained in Appendix D of Volume II
(Reference 4). For each radial position a plot of deviation angle, diffusion
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factor, total-pressure-loss coefficient, and total-pressure-loss parameter
versus incidence angle was prepared containing data from all speeds tested.
Figures 13(a)-(g) present these plots for the rotor, and Figures 14(a)-(g)
contain similar plots for the stator. Data from Rotor 1B tests at 100% speed
are shown in Figures 13(b)-(f) for comparison with the data obtained in the
Task I Stage tests,

Stator design data for diffusion factor and deviation angle are shown in
Figures 14(a)-{g) for reference. The stator was specifically designed for
operating in the Task II stage, as described in Reference 2, but also was
made compatible with the Task I Stage. The stator losses therefore were com-
pared with design prediction for operation in the Task IiI Stage, The loss
level generally was consistent with design prediction, The stator loading was
also consistent with design intent, and the deviation angles at design speed
generally were 1-2° lower than predicted by the design method. Performance

of this stator in the Task II Stage is described in Reference 5,

For both the rotor and the stator blade element data, the reported values of
loss coefficient, loss parameter, and blade element efficiency were based on
total-pressure and total-temperature ratios determined from the discharge
wake rakes (Method 1) rather than from the readings of the Plane 1.51 cobra
traverse probe (Method 2). The Data Reduction Methods section of this report
describes the details of the two data analysis methods, Data reported from
Rotor 1B tests were obtained by a procedure similar to Method 1, Inspection
of the Method 2 results showed that the traverse probe measurements of total-
. temperature ratio were higher than the energy input indicated by the vector
diagram data and also were inconsistent.with both Rotor 1B data and the dis-
charge instrument readings, It was suspected that local throttling caused by
the probe itself in the short axial space between rotor trailing edge and
stator leading edge was responsible for the high measured temperatures.

c. Efficiency Loss Due to Part-Span Shroud

The Plane 1,51 rotor exit cobra probe was traversed to 36 radial positions at
open throttle, near peak efficiency, and near Stall conditions at 100% speed
with undistorted inlet flow. Radial profiles of total-pressure ratio, total-
temperature ratio, and flow angle were obtained which showed the wall boundary
layers and the part-span shroud wake in more detail than was possible from the
7-immersion blade. element data traverses., Figure 15 presents plots of these
radial profiles; the radial position of the part~span shroud is indicated on
the plots. Radial profiles of rotor efficiency at 100% speed [shown in Figures
i6(a)~(c) at near peak efficiency, maximum flow, and near-gtall weight flow
conditions, respectively] indicate substantial losses due to the part-span
shroud., Mass-weighted values of rotor efficiency lost because of the shroud
were determined from the traverse data plotted in Figure 16, The resulting
values represent the total part{~span shroud efficiency penalty, Generally,
only some of the part-span shroud wake impinged on the fixed stator exit
instruments, and thus only part of the total efficiency penalty was actually
reflected in the calculated overall performance data, Therefore, the portion
of the part-span shroud loss appearing in the overall performance data was
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also calculated for both the Task I Stage and the Rotor 1B tests for compari-

son.,

The listing below compares total part-span shroud loss in rotor effi-

ciency to the apparent loss as reflected in the overall performance data,

It can be seen that the efficiency levels calculated by the Overall Pexrfor-
mance Data FProgram did not reflect all the shroud loss except at maximum
Also seen from
this comparison is that the shroud loss that did appear in the overall per—
formance calculations was essentially the same for both Task I Stage and
Rotor 1B tests at comparable conditions.

flow, and thus were optimistic by several tenths of a point,

TASK I STAGE TESTS ROTOR 1B TESTS
Apparent Apparent
Efficiency Efficiency
Loss Due to Loss Due to
Total Shroud, in Shroud, in
Efficiency Overall Overall
Discharge| Weight Loss Due |Performance | Reading |Discharge| Weight |Pexformance
Reading| Valve Flow to Shroud Data Numbex Valve Flow Data Cperating
Number Setting | (Lbs/Sec) (%) (%) (Ref. 1)| Setting {(Lbs/Sec) (%) Condition
25 15 221.9 2,94 3.00 54 15 221.2 3.78 Max, Flow
27 9 217.2 0.89 0.53 52 11 219.4 0.49 Near Peak
Efficiency
28 ] 204.0 0.57 0.37 64 8 204.8 0.44 Near Stall
d. Comparison of the Performance of the Rotor Operated in the Task I

Stage with Its Performance in an Isolated Rotor Configuration (Rotor 1B)

One of the principal objectives of this program was to evaluate the influence
of the stator on the performance of this rotor. Figure 12 presents the per-
formance maps for the rotor when operated in the Task I Stage and when oper-
ated in an isclated rotor configuration, Rotor 1B, Weight-flow levels with -
open throttle, where the rotor cascade throat regions determine the flow in-
duction, showed negligible change. Stalling flow at design speed was signi-
ficantly lower (5%) compared to the isolated Rotor 1B configuration. However,
this increased range in the Task I Stage configuration was accompanied by a
reduction in the 100% speed peak adisbatic efficiency. Detailed investigation
of the data, discussed below, indicated that these two phenomena might be
interrelated.

A major area of concern in the analysis of Task I Stage performance with un-
distorted inlet flow was the reduction in 100% design speed rotor adiabatie
efficiency compared to results from previous Rotor 1B tests., As indicated in
the rotor performance map, Figure 12, the peak Task I design speed rotor effi-
ciency of 0,880 was apparently reduced 1.8 percentage points below the Rotor
1B value of 0,898, An investigation therefore was made to determine the
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validity of the data, to obtain a fully consistent comparison between rotor
efficiency values, and to identify the reasons for the deterioration in per-
formance. A careful examination of basic measured data was made for both
Task I and earlier Rotor 1B tests to assure that the apparent loss in rotor
efficiency was not due to an instrument or data editing problem, No indica-
tion of faulty instrument readings could be found in either set of measure-
ments, Thus it was concluded that the measured data were valid, and therefore
any discrepancies could only have arisen from differences in data reduction,
data sampling methods, or from a real change in rotor efficiency,

An effort was made to détermine if the use of 7 radial positions at which
measurements were obtained {(rather than 5 as in Rotor 1B tests), the different
mass-averaging methods used, or other differences in data acquisition or pro-
cessing could be the reason for the efficiency discrepancy. Task 1 Stage rotor
efficiency was recalculated for 100% speed Readings 27, 29, and 30 using only
the measured data at the 10%, 30%, 50%, V0%, and 90% immersions as in Rotor 1B
tests and using data calculation methods consistent with those of the Rotor 1B
test program, Reference 1., The recalculated Task I rotor adiabatic efficiency
values averaged 0.5 percentage point higher than those calculated by the ori~
ginal Task I Stage methods, The conclusion drawn from this exercise was that
the obvious differences in data sampling and calculation methods accounted for
part, but not all, of the apparent reduction in rotor efficiency. A reduction
of 1,3 points in rotor efficiency was still unexplained,

The more subtle question of data sampling was investigated. For the Task I
Stage, rotor exit fluid properties at each immersion were actually determined
from readings of the 'stator exit wake rakes. In the Rotor 1B tests, on the
other hand, total temperature and total pressure were measured directly behind
the rotor. The Task I data therefore were checked to see if anything such as
excessively thick stator wakes or large wall boundary layer growth ih the
stator had caused an error in the efficiency calculations., No evidence of
this was found., Plots of Task I stator total-pressure wakes are shown in
Figure 17 for 100% speed operation near peak efficiency and near-stalling
weight flow. For Reading 27, near peak efficiency, the stator wakes were dis-
tinet and did mot fill the entire space between adjacent vanes. There was a
region of free-stream total pressure at each immersion which could be identi-
fied as the rotor exit value, This was also the case near stalling weight
flow, except possibly at 90% and 95% immersion, even though the stator wakes
were noticeably thicker, In order to properly calculate rotor efficiency, it
was not only necessary to identify the free-stream total pressure between stator
wakes, but it also was necessary that this free-stream value properly repre-
sented the rotor exit condition, Radial profiles of rotor exit total pressure,
total temperature, and rotor adiabatic efficiency are shown in Figure 18 at
100% speed near peak efficiency. Measurements obtained from a traverse probe
at the rotor exit are compared to those from the stator exit wake rakes. Wall
boundary layers at the rotor exit, Plane 1.51, are clearly shown by the tra-
verse data, The absolute magnitudes of each quantity plotted differ, due to
instrumentation accuracy, but generally excellent agreement in profile shape
can be seen, There was no indication of large secondary flows or wall boundary
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layer separations in the stator that could have reduced the free-stream
total pressure and caused an erroneously low rotor efficiency to be calcu-
lated from the stator exit wake rake readings.

The possibility of errors in total temperature measurement caused by a wake
sampling problem was investigated, Circumferential variations in total tem-
perature measured by the stator exit wake rakes are shown in Figure 19 fox
100% speed operation near peak efficiency and near stall, These variations
are due to rotor wakes accumulating against the stator pressure surfaces, as
explained in References 6 and 7., Since total temperature at each immersion
was obtained for a circumferential mass average across a stator vane spacing,
the temperature variations shown in Figure 19 were properly accounted for,
Assuming that the total temperatures used to calculate the Rotor 1B data were
valid (these were measured by rakes located in the unsteady flow field approxi-
mately two chord lengths downstream of the rotor), then it was concluded that
total-temperature sampling difficulties were not responsible for the difference
in rotor efficiency.

The part-span shroud losses at peak rotor efficiency condition for Task I con-
figuration and Rotor 1B configuration were presented in the section or part-
span shroud losses, It was shown in the previous section'that part-span shroud
loss appearing in the overall performance calculations for the two tests were
essentially identical at this condition, Thus, none of the 1,3 percentage
points difference in peak rotor efficiency was caused by differences in part-
span shroud wake sampling.

Figure 16{a) contains comparisons between Task I and Rotor 1B adiabatic effi-
ciency data obtained from both fixed instrument and traverse probe readings at
100% speed near peak efficiency. Figures 16(b) and 16(c) show traverse and
fixed instrument data for Task I and fixed instrument data for Rotor 1B at 100%
speed near stall and at maximum flow. It can be seen that good agreement
exists in the outer part of the annulus bhetween data obtained in the two test
configurations, However, at the peak efficiency condition, Figure 16(a), both
fixed instrument and traverse probe data show that the rotor efficiency near
the hub was substantially less in the Task I configuration than in the Rotox

1B configuration. The same trend is seen alsc at the near-stall conditiom,
Figure 16(b). However, at the open—throttle condition, Figure 16(c), there

was good agreement between the two sets of fixed Task I and Rotor 1B instru-
ment data at the hub as well as near the tip. At the peak efficiency operating
condition, shown in Figure 16{(a), the decrease in blade element efficiency at
70% and 90% immersions, when mass averaged as in a 5-immersion overall perfor-
mance calculation, was sufficient to account for the 1,3 percentage point ef-
ficiency discrepancy indicated by a valid and consistent comparison of overall
performance data.

Further evidence of reduced hub performance can be seen in Figures 20 through
22 in which radial profiles of rotor and stator total-pressure-loss coeffi-

cients, diffusion factors, and axial velocities at 100% desigrn speed near the
peak efficiency operating condition of the Task I Stage are compared o Rotor
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1B test data or to stator design values. Near the hub the Task I Stage axial
velocities were less than anticipated, and the aerodynamic loadings were some-
what larger than expected from Rotor 1B test data or design predictions, Stator
logses at the 70% and 90% immersions were nearly equal to design intent, but
rotor relative total-pressure-loss coefficients were substantially higher than
Rotor 1B test data.

The increased aerodynamic loading at the hub of the rotor may be due to two
factors., First, the curvature of the hub wall contour just aft of the rotor
trailing edge was reduced when the stators were added to the Rotor 1B test ve-
hicle to form the Task I Stage. A comparison of Task I Stage and Rotor 1B
flowpaths is shown in Figure 1. The reduced hub curvature-would neot accelerate
the hub flow as strongly and thus would tend to reduce the hub axial velocities,
Second, the total pressure at the hub was less than that at the tip, and thus
there was a low hub axial velocity at the stator exit station after all the
swirl had been removed from the fiow, The low stator hub exit axial velocity
may have forced the flow to be redistributed irn such a way ag to reduce the
rotor exit hub axial velocity below the level measured in Rotor 1B tests., The
large increase in rotor hub losses, howéver, cannot be explained solely by the
relatively moderate changes in rotor hub exit axial velocity, The rotor rela-
tive total-pressure-loss coefficient at the 90% immersion is larger in the Task
I Stage than in the Rotor 1B test data when compared at the same incidence, at
the same diffusion factor, at the same static-pressure~rise coefficient, or at
the same axial velocity ratio, Thus it can only be speculated that slight
changes in the flow caused by the change in flowpath and the addition of the
stators near the rotor trailing edge induced a major change in the flow near
the rotor hub, such that these blade elements had much different loss character-
istics even under the same conditions., A large-scale secondary flow pattera in
the rotor or a hub wall separation might be responsible, but neither of these
can be identified from the available data.

An analysis of test results was also made in order to determine why the unstalled
weight flow range at high speed was greater'in the Task I Stage than in the
Rotor 1B isolated rotor configuration, as-shown in Figure 12, At 100% design
speed, for example, the stalling weight flow was reduced from 197 lbs/sec to
187 lbs/sec, -A displacement of the flow from the hub toward the tip that .was
produced by the flowpath changes, addition of stator vanes, and the deteriora-
ted rotor hub performance is believed to have caused the improvement in stall
limits, while at the same time causing the efficiency penalty discussed earlier.

The stator hub axial velocity experienced a large reduction as the compressor
was throttled toward stall, as shown in Figure 23, Concurrently, the rotor hub
axial velocities were reduced below Rotor 1B levels, as shown in Figure 24,
Rotor tip axial velocity was increased above the Rotor 1B value at the same
operating condition as the filow was shifted outward, Variations of rotor and
stator axial velocities, aerodynamic loadings, loss coefficients, and total-
temperature and total-pressure ratios with weight flow are shown in Figure 25
for the 10% and 90% immersions, Rotor 1B test data are given in this figure
for comparison., The deterioration of the flow and general performance near the
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hub as weight flow was reduced can be seen in these characteristics, At the
tip, the characteristics shown in Figure 25(c¢) indicate that the flow shift
to the tip increased the axial velocities, reduced the work input and the
total-pressure losses, and in general resulted in lower aerodynamic loadings.
This process apparently was sufficient to delay the onset of rotating stall
at the rotor tip until comsiderably lower weight flows were reached than was
possible in Rotor 1B testing at 100% speed.

e, Effect of the Long Inlet Duct Used for Distortion Testing on the Compressor
Performance

An undistorted inlet test was conducted to determine the effect of the long
inlet duct, inlet distortion instrumentation, and support screen used for inlet
distortion testing on the baseline stall limits and efficiency of the compres-
sor. Overall performacce data recorded during this test are tabulated in

Table VII(c), The test was run in poor weather conditions, which resulted in
some ice accumulation on the support screen and inlet distortion total-pressure
rakes, The performance data were recalculated after editing out those inlet
total pressure measurements which seemed to have been affected by the ice.

Inlet total-temperature measurements apparently were not affected., Table VII(c)
contains the corrected data only.

The compressor stage performance is displayed on the performance map for this
test, Figure 26, Task I Stage overall performance from undistorted inlet per-
formance tests (with the short inlet ducting, Figure 11) is also shown for com—
parison in Figure 26, These results indicated that stage efficiency may have
been reduced at lower speeds, but not at 100% speed. The stall limits at 70%
and 90% speeds were unaffected, but at 100% speed rotating stall originated at
192 lbs/sec weight flow instead of 187 1bs/sec. The reduction in 100% speed
unstalled weight flow range was greater than could be explained as being due

to experimental accuracy or repeatability, but was not typical of all speeds,
and thus was not considered as evidence of a major deterioration in stall limits

The inlet casing boundary layer was surveyed near sitalling weight flow at 100%
speed using the four-parameter traverse probe located at Plane 0.95. The mea-
sured radial variation of total pressure is shown in Figure 27, compared to
results of a similar survey made during Rotor 1B tests with the short inlet
duct. The long inlet duct and the pressure of the distortion support screen
caused only a slight increase in the inlet casing boundary layer thickness,

In general, the conclusions drawn from this brief test were that the long inlet
ducting, the distortion support screen, and the use of distortion instrumenta-
tion had only small effects on compressor efficiency and stall limits,

£. Investigation of Stator Setting Angle Effects
Overall performance readings were recorded during the shakedown test, Table
VII (a), at 100% design speed to determine the effect of stator setting on

weight flow and adiabatic efficiency. A series of data points near peak ef-
ficiency, Readings 11 through 15 and Reading 19, was recorded with stator
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stagger angles set as low as 8° less than design and up to 11° greater than
design at a constant throttle valve setting, Weight flow appeared to be con-
gtant within data repeatability, except at the extreme (+11°) setting where
high loss at negative incidence restricted the flow, Stage adiabatic effi-
ciency varied by approximately two points over the range of stator settings
investigated; peak efficiency of 0,855 was recorded in Reading 15 at a stator
stagger 8° higher than design, Efficiency at design stator setting, Reading
13, was 0.836, The compressor was stalled at 100% speed with the stators set
at ~3°, 0°, and +8°; minimum stalling weight flow was obtained at the design
stator setting, 0°., The variation of corrected weight flow and of rotor and
stage adiabatic efficiencies with stator setting angle at a constant throttle
valve setting is presented in Figure 28, The stalling weight flows at the
stator settings of -3°, 0°, and +8° are also shown in this figure.

Based on the results shown in Figure 28, and considering the scatter in the
efficiency data, it was decided that the design stator setting gave the hest
compromise between stage efficiency and unstalled weight flow range. Thus
the remainder of the test program was conducted with the stator set at the
design stagger angle, Data obtained later in the program at design stator
stagger gave stage efficiencies of over 0,85 (within one point of the maximum
value shown in Figure 28, 0.855 at a setting angle of 8°), verifying that se-
lection of the design setting ‘was an appropriate choice,

2. PERFORMANCE WITH TIP-RADIAL INLET FLOW DISTORTION
a, Overall Performance Data

Performance data from tests with a radial ‘inlet distortion pattern covering

the outer 40% of the annulus area were obtained at 70%, 90%, and 100% oi design
corrected speed. Table VII{d) contains a listing of overall performance para-
meters for this test. The Task I Stage performance map with radial inlet flow
distortion is shown in Figure 29, Performance of the stage with undistorted
inlet flow is also given in this figure for comparison, The performance map
for the Task I rotor with radial distortion is compared to the Task I rotor un-
distorted inlet performance and to the Rotor 1B performance with radial distor-
tion in Figure 30.

Rotating stall was encountered at each speed., As in earlier Rotor 1B tests,
hot-wire anemometer signals recorded at the inception of rotating stall indi-
cated that the outer 50% of the rotor span was the stall-limiting blading.

The Pask I rotor stall line with radial inlet flow distortion was noticeably
improved over that achieved in Rotor 1B tests, even though the distortion
screens were made of the same material in each case, The improvement in stall
limits may have been due to the addition of stators to form the Task I Stage.
The stators.are believed to be mainly responsible for the improved stall limits
with undistorted inlet flow, and could have had a somewhat similar favorable
effect with radial distortion, It could also have been possible that by lo-
cating the distortion screen approximately two feet farther forward, the sever-
ity of the inlet flow distortion may have been reduced enough to increase the
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rotor stall limits. The variation of the distortion parameter, (Pmax. = Ppin, )/
Ppax,, with weight flow is shown in Figure 31 for the Task I Stage radial and
circumferential distortion tests. It can be seen that the highest value of the
distortion parameter reached in the radial distortion was approximately 0,18,
which was noticeably less than the value of 0,20 reported in Referemnce 1 for

the Rotor 1B test,

b. Blade Element and Vector Diagram Data

Listings of blade element and vector diagram data obtained at 100% speed with
radial inilet flow distortion are given in Volume II, Appendix E (Reference 4)
for both rotor and stator, Radial variations of measured fluid properties and
calculated axial velocities are given in Figure 32 for operation at 100% speed
near stall. The severity of ihe inlet distortion can be seen 1in the large de-
ficiencies in inlet total pressure and inlet axial velocity near the tip. It
can also be seen that the total-pressure distortion is fully attenuated, and
in fact the total pressure is greater at the tip than at the hub at the stator
exit,

Figure 32 also gives a comparison between wall static pressures from static

taps and stream values obtained from traverse probes, Agreement is acceptable

at the tip, but is poor at the hub at Planes 0,95 and 1,51 where the wall slopes

were substantial, Although some amount of inaccuracy in the vector diagram data

resulted from this measurement problem, the radial distortion data are internally
consistent and allow valid comparisons to be made between various operating con-

ditions in this test.

Values of total-pressure-loss parameter, loss coefficient, and deviation angle
are plotted versus diffusion factor for each immersion in Figures 33 and 34

for rotor and stator, respectively. These figures compare data obtained with
radial inlet flow distortion to 100% speed data obtained with undistorted inlet
flow. Better agreement between undistorted inlet and radial distortion blade
element data was obtained by plotting these data against diffuSion factor rather
than by plotting versus incidence angle. Rotor total-pressure-loss coefficient
data calculated from both rotor exit traverse probe readings (Method 2) and from
stator exit fixed instrument readings (Method 1) are shown in Figure 33, The
agreement with the undistorted inlet data at the same diffusion factor is gener-
ally good in terms cf the trend of the data and acceptable with respect to level,
The rotor total-pressure-loss coefficients calculated from Plane 1.51 traverse
probe readings generally gave the best agreement with undistorted inlet data,
probably because these instruments were closest to the rotor and thus least af-
fected by flow shifts that were inconsistent with the assumption of design
streamline locations., Stator total-pressure-loss parameter and loss coeffi-
cient values shown in Figure 34 were calculated using only the readings from
fixed digcharge instruments (Method 1), and showed very good agreement with

the undistoxrted inlet data. Deviation angles for both the rotor and the stator
measured with radial inlet flow distortion also agreed very well with undistor-
ted inlet data at the same diffusion factor.
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¢, Analysis of Stall Limits with Radial Distortion

As mentioned above, rotating stall . originated at the tip of the rotor during
tip radial inlet flow distortion tests. The rotor tip was the stall limiting
blading in undistorted inlet flow tests as well; and, therefore, an analysis
was made to determine if the aerodynamic loading of the rotor tip at stall was
dependent on the type of inlet flow, The variation of rotor total-temperature
ratio, diffusion factor, and static-pressure-rise coefficient with discharge
throttle valve setting are shown in Figure 35 for 5% and 10% immersions with
both radial distortion and undistorted inlet flow. An attempt to extrapolate
these values to stall has been made in the figure. It can be seen that with
radial distortion the stalling tip work input was the same as with undistorted
inlet flow, but diffusion factors and static-pressure-rise coefficients were
slightly higher. The differences in stalling aerodynamic loading were not
large, however, and it appears that for this compressor the maximum rotor tip
loading did not depend upon the type of inlet flow regime.

Although the aerodynamic loading at the rotor tip was approximately the same
with both radial distortion and undistorted inlet flow near stall, the conditions
at other parts of the span were much less severe with radial distortion. The
unloading of the rotor hub can be seen in Figure 36 which gives a comparison

of radial profiles of rotor aerodynamic loading quantities near stall,

3. PERFORMANCE WITH CIRCUMFERENTIAL INIET FLOW DISTORTION
a, AOverall Pe%formance Data

Overall performance was determined at 70%, 90%, and 100% speeds with circum-
ferential inlet flow distortion, The pattern covered 90° of the circumference
from hub to tip and had a value of the distortion parameter, as shown in Figure
31, equal to approximately 0.15 at design speed near stall, Stall limits were
identified at each speed, and data were recorded near staliing weight flow, at
maximum flow and at an intermediate flow. A listing of overall performance
parameters for this test is given in Table VII(e).

Performance maps for the stage and for the rotor alone are showh in Figures 37
and 38, respectively, Task I Stage performance with undistorted inlet flow is
shown in each figure for comparisen, and Rotor 1B circumferential distortion
performance is also shown -in Figure 38, Rotating stall was encountered at each
speed. Hot-wire anemometer signals 'recorded at the inception of rotating stall
indicated that stalls originated in the outer 50% span of the rotor blades. A
greater unstalled weight flow range was obtained during the Task I Stage .cir—
cumferential distortion testing than in previous Rotor 1B tests, and no inter-
mittent stall was observed as had been the case during Rotor 1B isolated blade
row tests, The increased stall limits were believed to be due either to a
favorable effect of the stator on rotor tip section distortion tolerance, on

a lower level of distortion, or on less angularity in the flow, both of these
latter due to placing the distortion screen farther ahead of the rotor.
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Overall performance data were recorded for Readings 84 through 92, listed in
Table VII(e), with the center of the distortiom pattern placed at 195° from

top center, aft looking forward, in order to be aligned with one of the inlet
distortion total pressure rakes, Due to the limited sampling of data obtained
during single readings taken with the distortion screen in this-nominal posi-
tion, the Overall Performance Data Program calculated somewhat inaccurate
average values of fluid properties and overall performance parameters for cir-
cunferentially distorted flow. Im order- to obtain data more representative of
actual flow conditions, overall performance and traverse data were obtained at
12 screen positions for each of three operating points as described in the Test
Procedure section, The screen rotation test data were processed using the Cir-
cumferential Distortion Data Program to obtain circumferentially as well as
radially mass-averaged stage inlet and exit total pressures and stage exit total
temperatures. A correlation was tehn made between the average properties cal-
culated in this manner and the corresponding properiies obtained from single
overall performance readings at the nominal distortion screen position, Results
obtained using Readings 93-104, at a discharge valve setting of 9.6, were cor—
related with data from Readings 91 and 105 taken at the same discharge valve set
ting but with the sc¢reen at the nominal position, Simila}ly, results obtained
using Readings 106-117 were correlated with data from Readings 90 and 118, and
results obtained usging Readings 119-130 were correlated with data from Readings
92 and 131. A set of average correction factors was obtained for stage pressure
ratio and discharge total temperatures. These correction factors were then
applied to Readings 84-89 for which no screen rotation tests were performed and
new overall performance parameters were calculated., Data appéaring in Table
ViI(e) have been adjusted in this manner, Both the original and adjusted ef-
ficiency and total-pressure ratio data are plotted in Figures 37 and 38, It

can be seen that the adjusted efficiency data were much more realistic than the
original values computed by the Overall Performance Data Program.

b. Flow Survey Data

Fluid properties and vector diagram data obtained during screen rotation tests
at 100% speed are tabulated in Appendix F of Volume II (Reference 4), These
data were calculated by the Circumferential Distortion Data Program described
in the Data Reduction Methods section of this report, Plots of the circumferen-
tial variations of key measured and calculated quantities appear in Figures 39
and 40 for the near-stall and maximum-weight-flow conditions, respectively,

Hub and casing wall static pressures measured by wall static taps are presented
along with the static pressure measured by the traverse probe at the rotor
inlet, Plane 0,95, in Figures 39(a) and 40(a). It can be seen that the tra-
verse measurements did not agree with the measurements of the wall static taps,
particularly at the hub, The wall static pressure readings were believed to

be the more accurate, but the vector diagram data were automatically calculated
by the computer program using the stream static-pressure traverse readings,

The rotor inlet vector diagram data are thus questionable in terms of absolute
accuracy, but are internally comnsistent and should allow valid comparisons of
the flow conditions at various circumferential positions to be made. Better
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agreement was obtained between traverse static,pressdfe and wall static pres-
sure readings at the other measuring stations where probe inaccuracies due to
wall slope were less likely to be encountered. Only the traverse static pres-
sure data, which were. used to calculate vector diagrams, were therefore plotted
for the rotor exit and stator exit stationms,

The circumferential. plots shown in Figures 39 and 40 show that the compressor
tip attepuated the inlet distortion at both operating conditions. At maximum
welght flow, Figure 40, the distorted inlet region appeared as a total-pressure
deficiency at the stator exit having a distortion parameter [ (Py,y - Puain, 2/
Phax ] only 0,676 of that existing at the rotor inlet, Near stall, Figure 39,
the tip.distortion parameter at the stator exit was 0.768 of that at rotor inlet
but, in this case, the inlet distortion appeared as a region of higher—than
average total pressure at the compressor exit, The inlet distortion at the hub
appeared in all cases as a region of low discharge total pressure; the discharge
distortion parameter was 1.204 times the value at the inlet for maximum weight
flow operation and was 1,402 times the inlet value near stall, The discharge
hub axial velocity near stall was virtually stagnated in the distorted region

at a circumferential position of 190°, Figure 39(c). The hub axial velocity

at the rotor exit station, Figure 39(b), was not reduced so drastically, how-
ever, indicating that much of the hub distortion amplification was caused by
separated flow in the ‘stator,

¢. Analysis of Performance with Circumferential Distortion

The response of the compressor to the severe variations in inlet axial velocity
and flow angle was very complex and showed large variations from hub to tip and
from one throttle setting to another. An analysis therefore was performed fol-
lowing a stage characteristic approach, in order to condense the data and to
reveal significant performance trends, - -

The procedure -used was to compute a flow coefficient and 2 work coefficient,
containing correction factors for the effeets of inlet swirl ahd axial velocity
change, at numerous circumferential positions ‘at each radius, 'The resulting
corrected characteristics were compared to blade element characteristics calecu-
lated from undistorted inlet data. The conventional flow coefficient.

p = Vzl/Ul
is related to the rotor inlet relative and absolute air angles by:

: 1

tan By == - tan B,
- P

ine correctea rlow coerilcient, gy, is defined as that necessary to produce
the actnal B{ if there were no inlet swirl rather than the actual, nonzero
value of By. Therefore, with the corrected value of B, equal.to zero and with

the value of By held constant, the above equation gives:

@ = /(1 - ¢ tan By )



The conventional work coefficient defined below is related to the flow coeffi-
cient by the usual turbomachinery equation:

v
2
¥ = gje, AT/US = (Eh) ~ 1+ ¢ (tan By - X2 ‘_Ea tan BJ)
& r_—L rl VZ
1

The work coefficient corrected for inlet swirl, ¥,, is defined as that which
would be obtained when operating at the corrected flow coefficient: that is,
operation with zero inlet swirl but with the actual values of By, Be: and
axial velocity ratio. Thus, if ra/ry ~ 1, the above equation leads to:

In a given high-speed compressor, if work input is changed by a change in inlet
swirl, the axial velocity ratio will change because of compressibility. The
turbomachinery equation given above shows that a change in axial velocity in
itself produces a further change in work input. Thus, the work coefficient cor-
rected for axial velocity is defined as that existing if Vz /VZ s = 1.0, but at
the actual values of By and BJ:

2
Yeor = (Ez) -1+ ¢ (tan By - X2 tan B2)
1‘1 ry
or,
VZ
YCOI’:Y'*' (p'tanBB -'\-?'_2-1
Zy

The inlet swirl correction can also be made to ¥ so that:

cor?

vV
Z
Meordo = ?cor% = % Y+ -2 ¢ tan B4 ( - l)]
P @ Z1

The Task I Stage circumferential distortion data were reduced to obtain values
of the work coefficients and flow coefficients derived above. In order to
associate a rotor exit total temperature with an inlet axial velocity and
swirl angle, the circumferential displacement of fluid particles entering the
rotor at variocus circumferential locations was estimated from the inlet and
exit flow angles. The fluid particles were assumed to follow design stream-
surfaces in the meridional plane.

25



Because poor static pressure traverse data were obtained at thé rotor inlet
station, the axial velocities shown in Figures 39 and 40 were inconsistent
with undistorted inlet data, The axial velocities therefore were recalculated
for this analysis using traverse static pressure profiles adjusted to be con-
sistant with wall static pressure readings. This resulted in better agreement
with undistorted inlet data, Rotor exit axial velocities based on static
pressure traverse data, as shown in Figures 39 and 40, were of acceptable ac-
curacy for use in calculating the corrected work coefficient data.

The values of Bé were taken to be those obtained at 100% speed near the stage
design point with undistorted inlet flow. These values were used to compute
all the corrected work coefficient data for both circumferential distortion
and undistorted inlet test points, This procedure reduced the methods reli-
ance upon traverse data obtained at the rotor exit station, and was found to
reduce scatter in the data. The radius ratio term in the work coefficient was
evaluated based on streamline radii at the measuring stations at rotor inlet
and exit. :

Figures 41, 42 and 43 present corrected and uncorrected characteristics curves
for tip, pitch, and hub blade elements, respectively. All data shown are for
100% speed operation, and both the maximum weight flow ‘and the near stalling -
flow operating conditions are shown. Similar data for 100% speed operation:
with undistorted inlet f£flow are also shown for comparison. The circumferential
locations at which the fluid element crossed the rotor inlet measuring plane
are listed for each data point on these figures; these locations correspond to
the circumferential positions at Plane 0,95 in Figures 39(a) and.40(a) at which
the rotor inlet fluid properties can be found.

The characteristic data for the 10% immersion are shown in Figures 41(a) through
41(c). The uncorrected data, shown in Figure 41(a), show the large variations
in operating conditions experienced by this blade element at various points
around the circumference, Comparison of Figures 41(a) .and 41(b) shows that the
data in the latter figure, corrected for inlet swirl, have somewhat less scatter
and agree somewhat more closely with undistorted inlet data, Tip data corrected
for axial veloecity ratio as well as inlet swirl are presented in Figure 41(c).
This correction has further reduced the scatter in the data. - The corrected tip
element characteristic data with circumferential inlet flow distortion can be
seen in Figure 41{c) to be consistent with the undistorted inlet flow data once
the effects ol inlet swirl and axial velocity ratio have been accounted for.

Similar .sets of uncorrected and corrected characteristics curves are ghown in
Figures 42 and 43, for the 50% and 90% immersions, - These figures show that at
the pitch immersion, as at the tip, the correction factors were capable of ¢ol-
lapsing the data into a band that could be identified as an average cliaracteris-
tic. The hub data, however, could not he collapsed into a tight enough band to
identify an average curve, In general, it was demonstrated that the characteris-
tic method employed was able to account -for the effects of inlet swirl success-
fully, but that the axial velocity correction required more accurate data to be
used successfully at all immersions.
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The characteristics data for near-stall conditions indicate that operation was
possible in the distorted region of the annulus at points on both the uncorrected
and corrected characteristics that were not reached with undistorted inlet flow
without encountering rotating stall. It is also significant that the corrected
curves do not show any systematic evidence of local stalling and subsequent re~
covery along a hysteresis path. The eventual appearance of rotating stall is
difficult to explain, since there was a large portion of the annulus in which
incidence and loading levels never approached the undistorted inlet stalling
values, Conven‘tional aerodynamic loading or stalling incidence angle concepts
do not appear to be able to predict these results. It can only be speculated
that the ability of the blading to operate at incidence angles and loadings
greater than the undistorted inlet limiting values may be due to the time—
unsteady nature of the flow relative to the rotor. The rotor blades generally
experienced these adverse conditions only in the region from 160° to 260°, which
correspond to an exposure time of only 0,.0023 second at design speed. Somewhat
more time was spent by the rotor in the region from 340° to 120° where the
loadings were very low., These times should be compared to the time of approxi-
mately 0.,0006 second taken by a fluid particle to pass through the rotor.
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V. CONCLUSIONS

The Task I Stage demonstrated an acceptable performance level using a
new stator following Rotor 1B.

. A generally detrimental rotor-stator interaction at the hub was believed

to be responsible for a decrease in rotor hub efficiency compared to
results of previous isolated rotor tests. Another contributor to this
may have been a reduction in rotor hub trailing edge flowpath curvature
made when the stators were added,

The deterioration.in stage hub performance shifted flow to the tip and
reduced rotor tip aerodynamic loadings, The result was an increase in .
design speed stall margin through greater weight flow range, Large weight
flow range due to weak hub flow is not uncommon in single-stage fans, but
may not be usable in a multistage compressor because of the adverse effect
produced upon succeeding stages,

Although severe reductions in stalling total-pressure ratioc and in weight
flow range were produced by a tip radial inlet flow distortion, the stall-
limiting rotor tip aerodynamic loading compared well with undistorted
inlet flow data. It was also determined that blade element data obtained
both with radial inlet flow distortion and with undistorted inlet flow cor-
related reasonably well at the same speed and diffusion factor.

With circumferential inlet flow distortion, the nonuniform work input of
the rotor tip section, caused by variations in inlet axial velocity and
swirl, was shown to be consistant with undistorted inlet data on a blade
element characteristic basis. The unstalled range of operation along the
characteristic was much greater in the case of distorted inlet flow opera-
tion than with undistorted inlet flow.
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APPENDIX A

SYMBOLS

Symbol Description Units
A Anmnulus or streamtube area In.?
a Length along chord line to location of maximum
displacement between camber line and chord line In,
c Chord length of cylindrical section In,
Ch Enthalpy - equivalent static~pressure-rise
coefficient:
v-1
E) Y . .
2gd Cptl P1 -1 - (&R5-%7)
Ch = : o —_
Cp Static-pressure-rise coefficient:
B2
Cp e ——— ——
Py-p
cp Specific heat at constant pressure Btu/Lh~-? R
D Diffusion factor:
vd 1V V3
rotoxr = 1-_'_+_-———__ T
Vl' 2r O Vl'
Vo 1nV0-raVg,
D =1 + ——
stator v, 5T 0 vy
g Acceleration due to gravity 32.174 Ft/Secd®

Incidence angle, difference between flow angle and
camber line angle at leading edge in cascade pro-

Jjection

E £

i?

Degrees
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Symbol Description Units
iSS Suction surface incidence angle, difference between
flow angle and leading edge suction surface Degrees
J Mechanical equivalent of heat 778.161 Ft-Lb/Btu
M Mach number ——
N Rotational speed RPM
r Total or stagnation pressure PSIA
P Static pressure PSIA
r Radius In.
T Mean radius, average of streamline leading-trailing
edge radii In.
T Total or stagnation temperature ° R
AT Total temperature rise °R
t Static temperature ° B
te Airfoil edge thickness In.
tm Airfoil meximum thickness In,
U Rotor speed Ft/Sec
v Air velocity Ft/Sec
w Weight flow Lbs/Sec
Z Displacement along compressor axis In,
B Flow angle, angle whose tangent is the ratioc of
tangential-to—~axial velocity Degrees
AB- Air-turning angle, AB = By -B, Degrees
v° Blade-chord angle (stagger), angle in cascade pro-
jection between blade chord and axial direction Degrees
y‘ Ratio of specific heats ——
§° Deviation angle, difference between flow angie and
camber-line angle at trailing edge in cascade pro-
jection Degrees
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Symbol Description Units
s pactual
) Pressure correction, ——M—— ———
14.696 PSIA
€° Slope of meridional streamline Degrees
Tactual
8 Temperature correction, ————— . ———
518.7° R
g° Circumferential position from top center Degrees
! Efficiency -
ne Angle between tangent to blade meaniine and the
axial direction Degrees
o Solidity, ratio of chord to spacing ——
g° Camber angle, difference bhetween angles in cascade
projection of tangents to camber line at extremes
of camber-line arc Degrees
Q@ Flow coefficient ———
] Work coefficient ——
m Total-pressure-loss coefficient:
—— P L]
Rotor, it = ..I.)i:!..d_Pj_ ———
Py-p
—_ P, —
Stator, w = 217Pe ——-
Pi-p
W
——Egg—gg Total-pressure-loss parameter —-——
Subscripts
ad Adiabatic
an Annulus
cor Corrected to unity axial velocity ratio
d Downstream measurement plane (Table V)
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Subscripts Description

e Edge of blade (Figure 10)

h Hub

id Ideal

J Immersion

m "Meridional direction

p Polytropic

-S Measurement plane (Figure 10)’
S8 Suction surface

t Tip at Station 1.0

u Upstream measurement plane (Table V)
z Axial direction

8 Tangential direction

o Corrected to zero inlet swirl
1 Leading edge

Trailing edge

0.01, 0.18,
0.95, 1,51, Measurement station designations (Figures 7 and 8)
2.20 :

Superscripts
? Relative to rotor
* Critical flow condition



Table I.

Summary of Task I Stage and Blade Row Design Parameters.

Task 1
Stage
Parameter Design

Rotor inlet corrected tip speed, Ft/Sec 1400
Stage inlet corrected weight flow, Lbs/Sec 219 .4
Stage total-pressure ratio 1.617
Stage adiabatic efficiency 0.873
Rotor inlet tip diameter, In. 36.5
Rotor inlet hub/tip radius ratio 0.5
Rotor inlet corrected weight flow per unit annulus area,

Lb/Sec-8q Ft 40.25
Rotor inlet tip relative Mach number 1.414
Rotor tip diffusion factor 0.382
Rotor total-pressure ratio 1.636
Rotor adiabatic efficiency 0.8915
Rotor tip solidity 1.3
Rotor aspect ratio 2.5
Number of rotor blades 44
Stator inlet hub absolute Mach number 0.684
Stator exit flow angle, Degrees 0
Stator hub diffusion factor 0.474
Stator total-pressure loss, percent stater inlet total

pressure 1.17
Stator hub sclidity 2,155
Stator aspect ratio 2,065

46

Number of stator vaﬂes
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Table II. Cascade Projection Data for Rotor 1B.
il_ ta
Streamline Tt P Mg “HF c
1 0.9955 61.88 2.48 0.0060
2 0.9586 60.06 2.91 0.0063
3 0.9202 58.47 3.41 0.0066
4 0.8807 56,94 4,03 0.0069
5 0.8388 55.37 4,75 0.0072
6 0.7947 53.81 5.47 (.0076
7 0.7473 52.00 5.98 0.0080
8 0.6963 50.48 6.51 0.0084
9 0.6404 49,06 7.02 0.0089
10 0.5768 47 .52 7.54 0.0094
11 0.5000 45,31 8.02 0.0100
Ty ;tﬂl_ t,E
Streamline Tt #S C c
1 0.9804 54,93 0.0350 0.0058
2 0.9484 54.72 0.0387 0.0062
3 0.9135 53.53 0.0425 0.0085
4 0.8768 51.91 00,0467 0.0069
5 0.8385 49,69 0.0509 0.0072
6 0.7980 46.76 0.0554 0.0076
7 0.7547 42,26 0.0604 0.0080
8 0.7092 36.20 0.0658 0.0085
9 0.6507 28.35 0.0714 0.0090
10 0.6096 17.49 0.0778 0.0024
11 0.5557 2.86 0.0850 0.0010
2
Streamline Y° c g 8°
1 60.77 0,731 1.3062 6.95
2 58.89 0.696 1.3534 5.34
3 87.07 0.658 1.4075 4,94
4 55.17 0.616 1,4685 5.03
5 52.94 0.562 1.5387 5.68
6 50.29 0.500 1.6204 7.05
T 47.13 0.500 1.7183 8.74
8 43,34 0.500 1.83863 14.28
9 38.71 0.500 1.9836 20.71
10 32.51 0.500 2.1754 30.03
11 24,09 0.500 2.4447 42,45
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Table IIX.

Stator Cascade Projection Data.

Number of vanes = 46
Streamline

Design Tip Hub

Parameter | SL 1 5L 2 8L 3 SL 4 SL 5 SL 6 SL 7 SL 8 SL 9 Units
T | 17.5&6 17.443 17.103 15.642 14,228 12.855 11.489 11.134 10.831 Inches
.6 17.836 17.432 17.083 15.586 14,132 12.706 11.263 10.882 10.553 Inches
Ts 0 17.836 17.454 17.123 15.687 | 14.325 13.005 11.715 11.386 11.109 Inches
C 3.850 3.633 3.6086 3.493 3.396 3,299 3.222 3.199 3.184 Inches
o 1.4983 1.5187 1.5438 1.6288 | 1.7386 1.8794 | 2,0536 | 2.1045 2,1557 ——-
tm/C 0.0650 | 0.0640 | 0.0629 0.0588 | 0.0548 | 0.0507 | 0.0468 | 0.0458 | 0.0450 e
te/tm 0.1231 | 0.1250 | 0.1272 0.1361 | 0.1460 | 0.1598 | 0.1709 0.1747 | 0.1778 ——-
ny 40.09 39.48 39.06 39,10 40,15 41,24 42,85 43 .55 44,00 | Degrees
g -13.11 | -10.99 -10.21 -8.94 ~-8.80 -9.17 | ~10.41 -11.31 | -12,54 | Degrees
v° 13,46 14,21 14,24 14.58 15.76 16.99 i8.89 19,43 19.62 | Degrees
&° 53.20 50.57 49.27 48.04 48,95 50.41 53.26 54.86 56.54 | Degrees
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Table IV, Summary of Instrumentation Used for Task I Stage Testing,

Plane'

Undistorted
Inlet Testing

Radial Distortion
Testing

Circumferential
Distortion Testing

0.01,
Vehicle
Inlet

6 7-element P, p rakes

6 7-element P, p rakes

6 7~element P, p rakes

24 T thermocouples

24 T thermocouples

24 T thermocouples

0.18,
Stage
Inlet

2 7-element P rakes

2 7-element P rakqs

0.95,
Rotor
Inlet

1 p, B wedge probe

1P, T, p, B combin-
ation probe

1P, T, p, B combin-
ation probe

1.51
Stator
Inlet

1P, T, B cobra probe

1P, T, B cobra probe

1 p wedge probe

} p wedge probe

3 hot-wire probes

3 hot-wire probes

1P, T, p, B combin~
ation probe

2.20,
* Stage
Exit

7 l4-element P, T wake
rakes

7 l4-element P, T wake
rakes

7 l4-=element P, T wake
rakes

1 p, B wedge probe

1 p, B wedge probe

1P, T, p, B combin-
ation probe
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Table V.

{a)

Rotor -~ Task I

Summary of Blade Element Data Reduction Constants,

. Immersion
Parometer % Immersion Plane 0.85 Edge 1 Edge 2 piane 1.51 rﬂg&z&gnter %
(No Blockage 5 78.50 62,89 ] 1,0843
10 119,70 99,21 10 1,0837
Included) ao 177.58 148,69 (/e 30 L. 0707
A 50 157,38 133,36 T 50 1,0586
J 70 145,51 111,59 Gwy/my 70 1,0565
20 a6.66 74,08 80 1.0338
05 49,60 36,54 95 1.0330
o 18,323 18,164 17,885 17.838 5 . 9983
5 17,835 17.70 17.813 17.462 10 .9932
10 17.420 17.310 17,187 17.081 30 L9768
r 30 15,604 15,622 15,595 15.568 (v Sy 50 .9763
J 50 13,797 13.016 14.034 14.056 4 __2 70 .9729
70 11972 12,182 12,456 12,643 vy /wk) g 90 o747
a0 9,810 10,257 10,805 11.030 96 L9754
o5 9.285 9,675 10,513 10,652
100 8,737 9.185 10,120 10.387 ,
0 -2,68 -9.0 -5.68 -.28 5 17,640
s -2,15 -7.01 -5,1 -.78 10 17.201
10 -1,88 -4,80 -4,60 -.99 ¥ 30 15.613
. 30 1.07 0,40 -1,50 -.56 i 50 13.989
J 50 4,74 4,35 1,30 .98 (Used for 70 12,355
70 9,49 9,55 4,75 3,68 Diffusion 80 10,622
. 90 15,78 16,30 10,10 7,82 Factor) 95 10.0865
95 17.60 18,10 12.10 10.0
100 19.59 19.46 14,95 13,42
0 61.88 (64.34) 54,93 a 5 1.334
5 60.60 (63.30) 54,80 4 10 1.369
10 59,61 (62.64) 54,42 30 1.508
RY (gD 30 56,01 (60,47) 50,68 50 1.684
50 52,56 (58.40) 43,79 (Vsed for 70 1.906
70 49,71 (56,50) 32,15 Piffusicn 80 2.217
20 47,11 (54,77) 14.29 Factor) 95 2,339
95 46,18 (54.,03) 8.00
100 45.31 (83,33) 2.86

Radii are in inchos

Arens are in square inches
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Table V., Summary of Blade Element Data Reduction Constants (Concluded).
{(b) Stator - Task I
Parameter % Immersion Plane 1.51 Edge 1 Edge 2 Plano 2,20 Parometer % Ymmersion
] 62,89 58,73 5 1.0028
(Ko Blockage 10 g3, 21 91.59 (wj/w*)l 10 1.0099
Includod) 30 148,69 134,20 30 1.0294
N 50 133.38 121.11 [OYCOM 50 1.0388
9 70 111,59 108,78 70 1.0338
90 74,96 64,08 80 1.0078
95 36,54 29.08 25 1,0104
] 17.838 17,836 17.836 17,836 5 L8842
5 17,462 17.450 17,463 17.478 10 9856
10 17.081 17.075 17,125 17.130 30 .9884
30’ 15,568 15,610 15,700 15,750 (wJ/w*)z 50 L0879
P 50 14,056 14,175 14,363 14,420 70 1,00
J 70 12,543 12.725 12,980 13.075 790y 90 1.028
20 11,030 11.300 11.720 11.775 25 1.0356
95 10.652 10, 950 11,388 11,475
100 10,287 10.625 11.100 11.168
0 -.28 0 0 0 5 17.457
5 -.78 .30 .28 .185 10 17,200
10 -.99 575 .60 .30 : 30 15.655
o 30 -.56 2,18 1.65 .89 4 50 14,269
[ 50 .98 4.50 2,70 1.328 70 12,853
3 70 3,68 7.40 3.75 1,60 (uged for 80 11.510
20 7.82 10,30 4,50 1,28 Ditfusion 25 11,169
95 10,0 11,0 4,60 1,035 Factor)
100 13,42 11,38 4,70 . 650
0 40,09 -13,08 5 1.523
5 39,47 -11,13 10 1,544
10 39,11 -10,10 L1 1.631
3 a0 39.01 - 8,87 9, 80 1.742
50 39,50 - 8.75 70 1.880
(At nominal | 70 40,86 - 9,10 {used for 90 2,051
gtator 80 42,22 -10,58 Diftusion 95 2,008
seatting) 95 42,76 =-12,36 Factor)
100 43,32 -12, 88

Radili are in inches

Arons aro in sguare inches
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TABLE VI SYMBOLIC LISTING OF BLADE ELEMENT DATA

REL INLET  aBS INLET
FLOW ANG FLOW aMG
1
Bl Bl
REL EXIT ABS EXIT
FLOy ANG FLOW AVG
62 L
ROTOR SPD  [NLET A8S
AT INLET MACH Y0
vy My
ROTOR SPD EXIT ARS
AT EXln MACH NO
U
2 Hy
PERCENY TRAV TOT
IMMERSION FRESS RAy10
5,0000
10,0000 P
30,0000 Flﬁﬂ;
50,0000 .
70.0000 93
90,0000
95,0000

<

ROTOR BLADE ROMW

» NASA TASK T

ALADE ELFMENT RZ{FORAANCE RESU.TS
SpINT NYMBER READING HyMBER parE

chr® LN 1MpID ANG
LE aNGLE MM cMBR LN

o
® 1 i
CHRR LN REL D&V
YE ANGLE aNG TE
*02 ‘O

INLET REL AXTAL VEL

MaCH ND RATIOQ
Mi Vze
Vzl
EX]T REL

HacH No soLiplyy

M, b

INGID a5
Sycy SyR¥

iSE

REL YUY
AYGLE

A

TRAV LOSS
COEFFICIENT

INLET 448  IMLET RpL THLET aX  INLeT aBS  IWLET Rel
vELUCIEY VELOCI Y vELOCILY TANG yFL TANG yEL

v V_.'L v v o1

EXIT ad$ EXIT REL EXIT A¥X EXIT ABS EXIT REL
yELOGITY yELOCITY yELOCITY TANG EL TaNG yEL

v, vy Voo Veo v
TR TL PRESS T ADIABATIC ~ POLYTROPIC  DIFFUSION CH1
103§ PARAM ~ EFFICIENCY  EFFICIENCY FACTOR

o' os By Ug n D Cn

-\‘HH‘-h____Eg“\v’__-______“_ﬂ__‘_,—

Method 2, Traverse Inst,

[MEH]
COEFFIgIENT

£l

TOT PRESS ADR POLY MOMEN RISE; STAT PRESS
L0SS PARAM EFFICIENCY EFFICIENCY MEAS y RISE RISk COEFF

1

HCos B T0a np VYo U1Ven C

-z chp AT P
—

TRAV TOT  FIKED TOT  FIXED TOT
tEMR HArIO PRESS RATIO TEMP RA710
351 F1,51 Ty,51
To.95 Fo.95 T.95

il

Method 1, Fixed & Traverse Instr.

OVERALL PERFORMANCE SUMMARY

STAGE DATA ROTOR DATA ROTOR DATA
FIXED INST, FIXED INST. TRAV. INGST.

b4 P P P /P
Total Pressure Ratic = /

2.2 .18 1. . . N
Aliabatic Efflclency = 3/f0 1 5& 0.95 1.51 0.95

FPERFORMANCE PARAMETERS

Polytropic Efficiepcy = aq 7ad

Y ’Jp 'ﬂp
Peaxcent Design Speed =='¢T‘/\/E Dlscharge Valve Setting=
Cor. Nozzle Welght Flows=iw/AG/s Vane Schedule = Stator

1E Check Flow/Foz.Flow =

TE Check Flow/Noz.Fiow =
Asmumed LE Flow Coeff. =

Assumed TE Fiow Coeff, =


http:flow/Noz.Fo
http:1.5l1'0.95
http:RE'tJ.TS

e 4

TABLE VI SYMBOLIC LISTING OF BIADE ELEMENT DATA (Concluded)

STATOR BLADE ROW « NASA TAYK I
BLADE ELFMENY REAFORMANCE RESULTS

POINT NyMBER READING HyHBER DATE
RANIAL ReL INLET  ABS INLgV CHpR LN 1NcID aNg  INCID aV3 (MLl 485 [MLEY Rel CINLET AX  INLET aBS  INLpT Rgl
past pioON FLOy ANG FLOY aNG LE ANGLE MN C™MBR LN  SpCy SuRF vELOET py YELDCI yY vELDCI ¥ rANG yEL TANG yEL
i
2
4} *N/A N < 1 WA vy N/A LA Vo1 /A
5
6
7
RANIAL REL EXIT ABS EXIT cHpR Ly DEY TN EXIT aBS EXI{T REL EXIT aX EXIT ABS EXIT ReL
Pnsrzlon FLOy ANG FLOYW aNG o ANGLE ANG LB ANGLE vELUCL Y vELOCL Y vELOCI Y TANG yEL tANG EL
2 A N/A
3 N/A b2 B e ¢ Va N/A L Voo /s
4
5
6
7
RANIAL ROTOR SPD  [NUET aBS  JWLET REL  AXJAL VEL DIFFUSION CHy
Pnerrou Ay INLEy HaCH ND MACH NO Ravlo FACTOR
Z v
3 z2
N/A My R/A e
; vz]_ b h
6
7
RADTAL ROTOR SPD EXIT aps eXI1T HEL LOSS  rol PagSs ADB POLY MOMEN R1SE;/ STAT PRESS
PNSITION AT gx17 HagH NO MAGH No SOLIDITY COEFFIGIENT LOSS PaRAM EFFICIENCY EFFICIENCY MEAS T RISE RISE COEFF
1
2 - “ -
34 N/A Mg N/A . ] wCOSge N/A ‘Tp N/A ‘ cp
5 X3
6
7
RADTAL PERCENT TRavY TOT TRAV TOT FIXED TOTY FIXED TOT OVERALL, PERFORMANCE SUMMARY
3 IMMERSTON PRESS R P RATIO PRESS Ratl s HP Io
PobIIION g oo ESS RATIO TEH T g AT10  TEMP Rav . STAGE DATA STATOR DATA STATOR DATZ
000 PERPORMANCE PARAMETERS FIXED INST. FIXED INST. TRAV. INST.
2 10,0000 Py 5 T, Py 5 Ty o P P P
3 30,0000 22 2,2 . a2 Total Pressure Ratio = 2.20/%0.8 F2.20/"1.51 T2.00/P1.51
4 sn.n0n00 P51 Ty, 51 P51 .51 Polytropic Efficiency = n, L
5 70,0000 *
6 96,0000 Percent Design Speed = FNAS  Digcharge Valve Setting=
7 95.0000 Cor. Nozzle Weight Flows= /s Vane Schedule a Stator
IE Check Flow/Noz.Flow = TE Chack Flow/Noz.Flow =
Aspumed IE Flow Coeff, = Assumed TE Flow Joeff. =

* Not Applicable: NA


http:P.2d;.5l
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Table VII.

Listing of Overall Performance Data,

(a) Shakedown Test With Undistorted Tnlet

Inlet
Corrected Stage Rotor
Percent Weight Total Total Stator
Resding | Design |Throttle Flow Pressure | Adisbatic Presgsure | Adiabatic Setting
Number | Speed Setting | (1bs/sec) Ratlo | Efficiency Ratio | Efficlency| Point* | (deg)
1 50.3 50 125,62 1.0786 0.7572 1.0910 0.8728 a9.P. 0
2 50,0 50 125,20 1.0780 0.7297 1.0003 0.8417 0.P. o]
3 50.1 2 89,41 1.1376 0.7752 1.1426 0.8018 0.P. 0
b 70.1 50 172.11 1.1509 0.7148 1.1809 0.8kg1 0.P. 0
5 70,1, 3 130,21 1.2820 0.7918 1.2918 0,8171 0.F. 0
6 90.1 30 205,73 1,2683 0.6795 1.32h2 0.8078 0.P. 0
T 90.1 6 183.53 1.5319 0.8457 1,5510 0.8718 0.P. 0
8 100,2 25 221,12 1.34ko 0.7135 1.3804 0.7976 0.P.. -3
9 100.1 15 220,61, 14617 0.8148 1, 4804 0.8438 0.P. -3
10 100.0 15 21g9.52 1.hké600 0.8100 1.5796 0.8400 B.E, -3
11 100.0 9 216.48 1.6190 0.8391, 1.6445 0.86Th B.E. -3
12 100.1 9 216.51 1.6208 0.8322 1.6570 0.8731 0.P, -8
13 100.2 9 217.29 1,6218 0,8363 1.6h28 0.8602 0.P. 0
1h 100.0 9 217.29 1.6262 0,8460 1.6463 0.8689 0.P. +h
15 100.0 9 216,50 1,6428 0.8553 1,661T 0.8764 0.P. +8
16 100.0 15 221.67 1.4601 0. 7902 1,4826 0.8240 0.P, 0
17 99.8 6.15 | 20k.95 1.7034 0.8kt 1.7346 0.8737 0.P. 0
18 100.0 6.15 202,98 1.6932 -0.832h 1.7359 0.8614 0.P. -3
19 100.1 g 213.81 1.6547 0.8L55 1.6810 0.8740 0.P, +11
20 100.0 6.15 206.83 1.716h 0,8478 1.7397 0.8676 0.P. +8
21 110.1 9 230.38 1.7088 0.8100 1.7359 0.8358 0.P. 0
22 90.1 9 196.7h 1.4830 0.8680 1.ho92 0.8933 0.P. 0
23 80.1 9 175.28 1.3567 0.8762 1.3688 0.9030 0.P. 0
2h 80.1 3.5 149,79 1.3890 0.7952 1.ho53 0,8248 0.P. 0

*¥The following

ap
EE
cT
SRT

symbols indicete the type of data recorded:

- Overall Performence Data From Fixed Instruments

-~ Blede Element Traverse Data Plus Overall Performance

- Continuous Traverse Date Plus Overall Performence

- Bcreen Robation Test for Circumferentisl Distortion‘Traverse

Data Plus Overall Performance
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Table VII, Listing of Overall Performance Data (Continued).
(b) Undistorted Inlet Performence Test
Inlet :
Corrected Stage Rotor
' |Percent Weight Total Total
Reading |Design |Throttle Flow Pressure | Adiabatic Pressure | Adisbatie Type
Number |Speed Setting | (1be/sec) Fatio | Efficlency Ratio | Efficiency | Point¥
25 100.0 15 221,89 14587 0,8111 1.4811 0.8457 B.E,
26 100,0 15 221,12 1.4589 0, 7964 1.k81kh 0.8305 0.P.
a7 100,0 9 217,17 1.6239 0.8518 1.6463 0.8776 B.E,
28 100.0 6 204,03 1.7037 0.8281 . 1.737T 0.8613 B,E.
29 100.1 7.5 212.65 1.6761 0.850h4 1.7020 0.8776 B.E.
30 100.1 11 219,33 1.5630 0.8461 1.5805 0.8686 B.E.
31 90,2 15 204,39 1.3761 0.8212 1.3946 0.857h B.E.
32 90,0 9 196,56 1.4863 0.87%0 1.5001 0.8955 B.E.
33 90.0 T.5 192,81 1.5105 0.8706 1.5256 0.8928 B.E.
34 90.0 6 183.44 1.5269 0.8465 1.5457 0.8726 B.E.
35 90.1 30 205.36 1.2726 0. 7030 1.3206 0.8153 B.E.
36 50.1 30 123,15 1.0861 0.8127 1.0958 0.9012 B.E.
37 50.1 30 123.20 1.0860 0.8095 1.0957 0.8¢83 0.P.
38 50,0 15 11k,70 *1.1073 0.8463 1.1129 0.8889 B.E,
39 50.0 11 109.34 1.1166 0.8796 1.1210 0.9115 B.E.
Lo 50.0 9 108.75 1.1213 0.8831 1.1251 0.9004 0.P.
ha 50.1 6 100.80 1.1288 0,850k 1.1321 0.8712 B.E.
Lo 50.1 2 89.28 1.1369 0.8065 1.1416 0.8333 B.E.
43 70.1 30 169.98 1,1674 0.7937 1.1910 0.8989 B.E.
kb TC.1 15 160,99 1.2193 0.8858 1.231%° 0.9304 B.E.
hg 70.0 9 151.55 1.2548 0.8909 1.2628 0.9166 B.E.
LT T0.0 & 1ha.07 1.2712 0.8465 1.2788 0.8682 B.E.
Lt 70.1 3 128.91 1,2809 0.7950 1.2910 0.8212 B.E.
L8 80.1 30 188,52 1,2131 0. ThaT 1.24h2 0.8420 B.E.
Lo 80.1 15 185,71 1,2027 0.8507 1.3087 0.8930 B.E.
50 80.0 9 17h.50 1.353h 0.8755 1.3642 0.8996 B.E.
51 80.1 6 162.43 1.381h 0.8448 1.3927 0.8691 B.E,
52 80.1 3.5 150.16 1.3864 0.70k42 1.ko26 0.8237 B.E.
53 Q0.1 11 199.43 1.4435 0.8666 14587 0.8927 0.P.
54 100.1 25 220.48 1.3419 0.6839 1.4000 0, 7872 0.P.
¥The following sywmbols indicate the type of date recorded:
0P « OQOverall Performsnce Dats From Fixed Instruments
BE -~ Blade Element Traverse Data Plus Overall Performance
CT - Continuous Traverse Data Plus Overall Performence
SRT - Screen Rotation Test for Clrcumferential Distortion Traverse Data Plus

Overall Performence
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Table VII.

(b) Undistorted Inlet Performance Test (Concluded)

Listing of Overall Perifiormance Data (Continued).

Inlet
Coprected Stage Rotor
Percent Weight Total Total
ReadingiDesign | Throttle Flow Pressure | Adiabatic Pressure | Adiabatic Type
Tumber |Speed Setting (lbs/gec) Ratio Efficiency Ratio Efficiency Point¥*
55 100.1 15 219.94 1.4643 0,8087 1.4860 0.8416 c.T.
56 100.1 9 216.33 1.614k 0,847k 1.6335 0.8698 ¢.T.
58 100.0 6 202,06 1,6934 0.8356 1.7279 0.8701 c.T.
59 50.0 L 96.17 1.1350 0.8271 1.1412 0,8625 0.P.
60 50,1 b 95,00 1.1331 0.8045 1.1364 0.8237 0.P.
61 70.0 3 129,66 1.2808 0.7886 1.2913 0.8155 0.P.
62 80.0 2,h5 143,40 1.3852 0.7693 1.%057 0.8057 0.P.
63 90.1 5 176.81 1.5292 0.8140 1.5521 0.8443 0.P.
64 100.0 5.5 198,11 1.6968 0.8064 1. 7370 0.8451 0.P.
65 110.2 9 230,47 1.704k 0.8073 1.-7305 0.8322 0.P.
66 110.1 7 226,68 1.8307 0.8101 1.8738 0.8hkh1 0.P.
67 109.9 9 229,89 1.70h5 0.8079 1.7298 0.8320 B.E.
68 109.9 g 230,02 1. 7049 0.8119 1.7304 0.8363 0.p.
69 110.3 6.75 225,55 1.8502 0.8030 1.9015 0.8%21 B.E.
70 - 110.1 7.25 228.61 1.8148 0.8168 1,8554 0.8k98 B.E.
7L 110.0 8 228,43 1.7584 0.8155 1, 7884 0.8k20 B.E.
72 110.2 13 230.69 1.5656 0. 776 1.5920 0.80Th B.E.
T3 50.0 15 11k.97 1. 1067 0.8471 1.1121 0,888T 0.P.
Th 80.1 11 179.07 1.3353 0.8795 1. 3468 0.9067 0.P.

*¥The following symbols indicate the type of data recorded:

Overall Performance Dats From Fixed Tnstruments

- Blade BElement Traverse Data Pluq Overall Performance
~ Continuous Traverse Data Plus Overall Performance
- Bereen Rotation Test for Circumferential Distortion Traverse

Data Plug Overall Performance
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Table VII, Listing of Overall Performance Data (Continued),

(c) Undistorted Inlet Test with Long Inlet Duct

Inlet
Corrected Stage Rotor
Percent Welght Total Total

Reading | Design {Throttle Flow Pressure | Adiabatic Pressure | Adishatic Type
Number | Speed [Setting | (Ibs/sec) Ratio Efficiency | Ratio |Efficiency’ Point*
132 70.0 30 168,95 1.184 0.8056 1.199 0.8750 0.P.
133 T70.1 9 146,33k 1.259 0.8229 1.268 0.8750 0.P.
13k 70.1 3 126,37 1.275 0.7568 1,288 0.8018 c.T,
135 100.1 15 220,37 1.486 0.829L 1.506 0.8588 0.P.
136 100.1 9 214,61 1.633 0.8510 1.658 0.8846 0.P.
137 100.1 6.5 202,33k 1.681 0.8333 1.722 0.8728 c.T.
138 90.0 30 204,18 1.290 0.7521 1.321 0.8376 0.P,
139 90,1 9 19k.21 1.48% 0.8554 1.500 0.8795 0.P.
1%0 90,1 5.5 177.75 1.525 0.8162 1.541 0.8432 C.T.

*The following symbols indicate the type of data recorded:

OP =~ Overall Performance Data From Fixed Tnstruments

BE ~ Blade Element Traverse Data Plus Overall Performance

CT - Continuous Traverse Data Plus Oversll Performance

SRI' - Screen Rotation Test for Cireumferentisl Distortion Traverse

Data Plus Overall Performance
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Table VII, Lisfing of Overall Performance Data (Continued),

(d) Radial Inlet Distortion Test

Inlet

Stage Rotor
Corrected
Percent Weight Total Total

Reading | Design |Throttle ¥low Pressure ;| Adiabatic Pregsure | Adiabatic Type
Fumber | Speed [Setting | (1bs/sec) Ratio Efficiency Ratio | Efficiency Point¥
75 70.0 50 167.99 1.1878 0.7761 1.2078 0.8534 0.P.
76 70.0 10 48.40 1.2657 0.8385 1.2745 0.8639 0.P.
7 70,0 15 156.89 1.2440 0.8235 1.2546 0.8671 0.P.
78 90.1 50 202,87 1.2882 0.6989 1.3236 0.7T769 0.P.
79 0.0 11 165.05 1.4623 0.8259 14777 0.8500 0.P.
80 90,0 15 198.33 1.4139 0.8130 1.4300 0.842L 0.P.
81 100.0 50 216.41 1.3359 0.6650 1.3803 0.T436 B.E.
82 100,0 10.5 212.58 1.591k 0.8003 1.6129 0.8251 B.E.
83 100.0 e} T 215,95 1.5168 0.7854 1.5377 0.8130 B.E.

*The following symbols indicate the type of data recorded:

op -
BE
cT
SRT

Overall Performance Data From Pixed Tnstruments
Blade Element Traverse Data Plus Overall Performance
Continuous Traverse Data Plus Overall Performence

Screen Rotation Test for Circumferential Distortion Traverse

Data Plus Overall Performance
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l'able Vil. L1sSTing O uverall Feriormance wvata (voncruaea),

(e) Circumferential Inlet Distortion Test

Inlet Stage Rotor
Corrected - .
Percent Welght Total Total Dist. Screen
Reading | Design |Throttle Flow Pressure | Adiabatic Pressure | Adiabatic |Type And Position
Wumber | Speed. [Setting {(lbs/sec) Ratio | Efficiency Ratio | Efficiency|Point*|({deg.From TDC)
8h TO 50 165.2 1.192 .Th6 1,234 .826 0.P. 195
85 70 5 130.8 1.285 57 1.300 «T793 0.P.
86 70 10 146,6 1.269 .818 1.283 857 0.P.
87 90 50 20l 4 1.319 .T63 1.358 .848 0.F.
88 g0 7.5 179.0 1,501 818 1,526 853 0.P.
89 g0 11 192.1 1.469 831 1.h9kh 870 0.P,
90 100 50 220.1 1.390 .738 1.hh45 .829 0.P.
91 100 9.6 20k ,6 1.604 .820 1.638 ..858 0.P.
g2 100 13 £213.,5 1.556 .830 1.583 .865 0.P. 195
93-10k 100 9.6 205.3 1.602 .816 1.638 .853 SRT 195-165
- 105 100 G.6 205.8 1,602 81k 1.637 .854 0.P. 195
106-11T7 100 50 219.2 1.389 .T736 1, b7 .828 SRT 195-165
118 100 50 218.3 1.389 .T36 1,448 .833 0.F. 195
119-130 100 13 211.9 1.555 .828 1.582 862 SRT 195-165
131 100 13 212.3 1.555 . .831 1,583 867 0.P. 195

¥The following symbols indicate the type of data recorded:

opP
BE
CT
SRT

1 1t 1

Overall Performence Data From Fixed Instruments
Blade Element Traverse Data Plus Overall Performence
Continuous Traverse Data Plus (Overall Performance
Sereen Rotation Test for Circumferential Distortion

Traverse Data Plus Overall Performance
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Figure 1.

Task I Stage Flowpath,




Figure 2, Partial View of Rotor 1B.
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“NOT REPRODUCIBLE

Figure 3. Photographs of a Variable-Stagger Stator Vane,
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COMPRESSOR AXIS

/

The solid line represents
the design intent and the
dashed line represents the
average of five measured
samples.

Figure 4 (a). Stator Vane Inspection Results for Tip Section,



COMPRESSOR AXIS

The solid line represents
the design intent and the
dashed line represents the
average of five measured
samples.

Figure 4 (b). Stator Vane Inspection Results for Pitchline Section,
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COMPRESSOR AXIS

The solid line represents
the design intent and the
dashed line represents the
average of five measured
samples.

Figure 4 (c). Stator Vane Inspection Results for Hub Section.
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(b) Sensing Element of Angle-Seeking
Static-Pressure Wedge Traverse Probe

T Sensor,
Shielded T/C

(a) Fixed Discharge Total Pres- T/C: . Thermocouple
p Sensor,

sure - Total Temperature Wake
Rake Located at Plane 2.2 Nulling Device P Sensor,
Pitot Tube

(c) Sensing Element of Cobra Traverse Probe

Figure 9. Photographs of Instrumentation.
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(e) Sensing Element of Four-Parameter
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(f) Sensing Element of Shielded Hot-
Wire Anemometer Traverse Probe

Figure 9.

Photographs of Instrumentation

(Concluded) .
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(Dashed lines with arrows and inset formulas indicate calcul-

ation sequence for sample case.)

Used for Transferring Traverse Measurements to Blade Edges.
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Numbers indicate the circumferential location at which
the flow crossed the rotor inlet, Plane 0.95
& Near Stall, Flow with Circumferential Distortion
(O Maximum Flow, Flow with Circumferential Distortion
B Undistorted Inlet Flow, Flow Range Between Maximum
o.7— and Near Stall
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Figure 41 (a).

Flow Coefficient, @

Tip.

Rotor Blade Element Work Coefficient -
Flow Coefficient Characteristics, Uncor-
rected for Inlet Swirl and Axial Velocity
Change at 100% Speed; 10% Immersion from




Numbers indicate the circumferential location at which
the flow crossed the rotor inlet, Plane 0,95
£ Near Stall, Flow with Circumferential Distortion
O Maximum Flow, Flow with Circumferentizl Distortion
0.7 B Undistorted Inlet Flow, Flow Range Between Maximum
and Near Stall
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Flow Coefficient Corrected to Zero Inlet éwirl, Py

Figure 41 (b).

Rotor Blade Element_Work Coefficient -
Flow Coefficient Characteristics, Cor-

rected for Inlet Swirl at 100% Speed;

10% Immersion from Tip.

187



188

Work Coefficlent Correctdd to Zero Inlet Swirl and Unity Axial Velocity Ratio, (Y ,.)o
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Figure 41 (c). Rotor Blade Element Work Coefficient -

Flow Coefficient Characteristics, Cor-
rected for Inlet Swirl and Axial Velo-
city Change at 100% Speed; 10% Immersion
from Tip.
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Numbers indicate the circumferential location at which
the f£low crossed the rotor inlet, Plane (.95
.\ Near S8tall, Flow with Circumferential Dastortion
(O Maximum Flow, Flow with Circumferential Distortion
B Undistorted Inlet Flow, Flow Range Between Maximum
0.8+—— and Near Stall . _ "
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Flow Coefficient, ¢

Figure 42 (a). Rotor Blade Element Work Coefficient -
Flow Coefficient Characteristics, Uncor-
rected for Inlet Swirl and Axial Velocity
Change at 100% Speed; 50% Immersion from
Tip.
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0.9 ! [
Numbers indicate the circumferentiasl location at which
the flow crossed the rotor inlet, Plane 0,95
£\ Near Stall, Flow with Circumferential Distortion
(O Maximum Flow, Flow with Circumferential Distortion
B Undistorted Inlet Flow, Flow Range Between Maximum
0.8 — and Near Stall p—
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Flow Coefficient Corrected to Zero Imlet Swirl, ¢p

Figure 42 (b).

Rotor ﬁlade Element Work Coefficient -

Flow Coefficient Characteristics, Cor-
rected for Inlet Swirl at 100% Speed;
50% Immersion from Tip.
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Numbers -indicate the circumferential location at
which the fiow crossed the rotor inlet, Plane
0.95
N Near Stall, Flow with Circumferential
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O Maximum Flow, Flow with Circumferential
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Flow Coefficient Corrected to Zero Inlet Swirl, ¢,

Figure 42 (¢). Rotor Blade Element Work Coefficient -

Flow Coefficient Characteristics, Cor-
rected for Inlet Swirl and Axial Velocity
Change at 100% Speed; 50% Immersion from
Tip.
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1.3
Humbers indicate the circumferential location at which
the flow crossed the rotor inlet, Plane 0,95
£\ HNear Stall, Flow with Circumferential Distortien
O Maximum Flow, Flow with Circumferential Distortion
B Undistorted Inlet Flow, Flow Range Between Maximum
1.2 220 and Kear Stall —1
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Figure 43 (a).

Flow Ceefficlent, @

Rotor Biade Element Work Coefficient - Flow Coefficient
Characteristics, Uncorrected for Inlet Swirl and Axial
Velocity Change at 100% Speed; 90% Immersion from Tip.



Work Coofticient Corrected to Zoro Inlet Swirl, Yo

1.3 -
Wumbers- indicate the circumferential location at which
the flow croasssd the rotor inlet, Plane 0.85
£\ Hear Stall, Flow with Circunferentisl Distortion
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Figure 43 "(b). - Rot‘or Blade Element Work Coefficient =:Flow Coefficient
Characteristics; ‘Corrected for Inlet '‘Swirl at 100% Speed;
90% ‘Immersion from Tip.-
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Work Coefficlient Corrected to Zero Iolet Swirl and Unity Axial Veloelty Ratio, (¥opornlo

1.3
| (— J
Numbers indicste the circumferential location' at which
the flow crossed the rotor inlet, Flane 0.93
/A Near Stall, Plow with Circumferentisl Pistortion
QO Maximum Fiow, Flow with Circumferential Diatortion
B Undistorted Inlet Flow, Flow Range Between Maximum-
1.2 and Near gtall —_
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Figure 43 (c).

Flow-Coefficient Corrected to.Zero Inlet Swirl, ¢o

Rotor Blade Eiement Work Coefficient - Flow Coefficient

Characteristics, Corrected for Inlet Swirl and Axial

Velocity Change at 100% Speed; 90% Immersion from Tip.



