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SUHMARY

A higt-"ip-speed, low-pressure-ratio transonic fan stage without inlet guide
vanes w=< de..gned and tested to 110 percent of design speed to determine overall,
blade element, and mechanizal pertormance with uniform irlet flow, ~~dially dis-
torted inlet flow, and circumferentially distorted irlet flow. The . “3n rotor
relative Mach numbers were supersonic over 85 percent of the span at the inlet
and 30 percent of the span at the exit. To achieve th's condition, the rctor
was designed to accommodate weak cuiique shocks in the tip region of the blades.
The stator design was conventioralty subsonic with the primary role of turning
the flow to axial and was con‘ yured with double-circular-arc airfoils. The
stage was d ‘gned for a specitic flow (flow per unit of annulus area) of 42 b/
sec-1t2 (205.1 kgm/sec-mz) to deliver a pressure ratio of 1.5 at an efficiercy
of 86 percent and an equivalent tip speed of 1600 ft/sec (4B8.6 m/sec).

All testing was performed with the stator closeo 3 deg from i1ts nominal
setting (greater stagger angle), which slightly improved stall merqgin and effi-
ciency over the values obtained from other settings tested at design spee’  With
uni form inlet flow at design speed and pressuie ratio, the stagc efficienc. was
81 percent, specific flow was L percent greater than design, and stall margi,
was 24 percent. The peak efficiency obtained at design speed was 84 percent,
which corresponded to a pressure ratio of 1.67, 102 percent ot design equ.valent
flow, and a stall margin of 10.5 perrent. The desig. level of stage eificiency
was achieved at the design specific flow, but ¢. 95 percent of desigr spead and
at a pressure ratio of 1.6. Rotor-only efficiency exceeded desiqgn goals, both
at Jdesign speed and desiyn flow rates, but at pre.sure ratios h ghe: than design.
The level of pezk efficiency decayed rather uniformly as speed w~as increaued to
9 percent of design speed, then abruptly increased by 3 points when speed was
increased to 95 percent of design speed indicating the transition between the
""unstarted'' and ''started" modes. These results, therefore, substantiate thc
quasi -three-dimensional characteristic procedure used in the design.

Shock patterns vere not easily discernable from the static preszu:e zonteour
piots derived from high-frequency-response instrumentation cver the rator blade
tips. Tip leakage vortices, wall boundary layers, and the designed wcakness of
the tip shock system, ail inferred from the plots, complicate the isoiation of
shock fronts. Holograms taken utili-ing this fai, stage urder separate NASA
Contract NAS 3-15336, however, showea shock patterns throughout the entire cuter
span of rhe blading, The shock system for the 130 percent design speed condition
shoi..d four major shock waves; (1) a leading edge shock. (2) a midspan damper
shock, (3) a second damper shoc’., and (4) a trailing edge shock. The original
design considered only the leading and trailing edge shocks.

The stall limit line wis improved with hub-radial distortion, but was
reduced when the stage was tested with circumferential and tip-radial fiow
disiortions, Stage peak efficiency levels were decreased with all distortions
tested. Over-attenuation resulted when the stage was subjected tc hub radial
distortion; however, amalification was obtained with tip radial distortion,
Witn circumferential distorticn, amplification occurred in the hut region and
attenuation occurrad in the mid passage and tip region,



INTRODUCTION

A low-loading, high-tip-speed transonic fan stage was designed, fabri ated,
and tested. A fan stage of this type would allow .he drive turbine to operate
at a higher rotational speed than would be suitable for fans having higher
loading characteristics. Accordingly, turbine efficiency would be improved or
the number of stages could be reduced, resulting in an engine having better
performance and/or less weight and volume. The rotor design objective was,
therefore, to deliver good efficiency at low work input by elimination of
strong shock 'osses and shock-inducted separation in the high-Mach-number tip
region.

The rotor design, as reported herein, is actually a redesign of the rotor
described in ref. 1 and also reported upon in refs. 2 and 3. The midspan
dampers of the original design failed in initial testing to 110 percent of
design speed possibly as a result of classical blade flutter. Design speed
performance resulting from this test was encouraging, and only minimal modifica-
tions were considered to be necessary to relieve the structural problem while
retaining the original aerodynamic features. Dampers with increased thickness
and revised contact surfaces and altered thickness distribution cof the blading
imnediately adjacent to the dampers were incorporated into a redesign, herein
referred to as ''the design.'"" The blade thickness distribution was altered
immediately adjacent to the midspan damper tc provide a less marginal flutter
parameter. The midspan damper was redesigned to (1) reduce the vibratory
stress by increasing thickness and removing the notches to make the interlock
a single plane and (2) reduce the steady-state loading by changing the contact
angle. This rotor followed the same design procedures a; outlined in ref. 1.
The stator vanes from the initial test were not damaged and were retained.

Aerodynamic and mechanical design results for the rotor are presented in
Appendix A. The stator was varied to arrive at the best stage operating
characteristics. This report also presents the experimental data obtained
from uniform and distorted inlet flows and compares these data to the design
values. Tabulations of these data are presented in ref. 4. Symbols and
performance parameter definitions used in this report are presented in
Appendix B.

Holograms of the rotor flow field were made under Contract NAS 3-15336.
The results of this holographic study are reported in ref. 5.



APPARATUS AND PROCEGURES

Test Facility

The fan stage was tested in the sea level compressor test ce!l shown in
fig. 1. A single-stage, radial-inflow turbine driven by heated facility air
provides power to the fan through a 1.477-to-1 gearbox. Filtered air enters
the fan through a calibrated bellmouth, which also serves to check total flow
measurement. An open-mesh, conical screen shrouds the bellmouth for prctection
against damage by foreign objects. The airfiow exiting the fan is diffused
and exhausted to a double-walled plenum and then to two separate discharge
ducts: one of 35.38 in. (89.85 cm) inside diameter and one of 23.50 in.
(59.69 cm) inside diameter. These large-diameter discharge ducts were neces-
sary to minimize system pressure losses and thereby extend the range of per-
formance mapping. Each discharge duct contains a butterfly valve for back-
pressure control and an ASME* square-edge orifice plate for primary flow
measurement.

Distortion tests were accomplished by series stacking screens of various
porosities attached to a support grid with 2 in. (5.08 cm) square openings.
This support grid is capable of rotating through 360 deg in S min for
circumferential distortion testing. The support grid was not rotated during
radial distorticn testing and was removed durir uniform inlet flow testing.
Fig. 2 shows the hub-radial, tip-radial, and circumferential distortion
screens mounted to the support grid,

Stage Configuration

The test configuration, shown in fig. 3, consists of an axial-flow fan with
a single-exit-row, continuous-span stator and no inlet guide vanes. A detailed
description of the stage appears in the desiyn report (ref. 1). A redesigned
rotor blade was necessitated by midspan damper failure that occurred on the
original design during initial testing at 110 percent of design speed. The
asrodynamic and mechanical details of this redesign appear in Appendix A of
this report.

The stage was designed to deliver a total prcssure ratio of 1.5 with an
adiabatic efficiency of 86 percent at an i:let specific flow (flow per unit
annulus area) of 42 Ib/sec-ft2 (205.1 kgm/sec-m2). The rotor was designed to
operate at a tip speed of 1600 ft/sec (488.6 m/sec) to accomplish these objec-
tives. To satisfy the range of test requirements, however, the rotor was
mechanically designed to operate at 110 percent of the design speed or at a
rotor tip <peed of 1760 ft/sec {537.2 m/sec).

*Ame-ican Society of Mechanica! Engineers.



The rotor contained 40 blades of 2.64 aspect ratio with midspan dampers
located at 30 percent of the span from the tip. The rotor inltet hub-to-tip

radius ratio was 0.46. Design relative Mach numbers were supersonic over 85
percent of span at the inlet and 30 percent cf span at the exit of the rotor.
Nominal running tip ctearance at design speed was 0.045 in. (0.114 cm) and
0.035 in. (0.083 cm) at 110 percent of design speed. Two views of the rotor
biade are shown ir fig. 4, and the bladed disc assembly is shown in fig. S.

The stator consisted of 45 vanes cf 3.10 aspect ratio. The vares ccula be
remotely controlled to rotate about their centers of gravity on the span-wise
stacking line such as to vary the stagge: angle by *10 deg from the design
setting. Double-circular-arc airfoil sections were chosen for the design. At
the design point, the maximum inlet Mach number occurs at the hub and was only
0.871 with a corresponding diffusion factor of 0.43. The stator vane leading
edge was located axially 1.42 in. (3.61 cm) downstream of the roter hub trailing
edce. All performance testing was accomplished with the stator closed 3 deg
from the as-designed setting (increasing the stagger angle.)

Instrumentation

Aerodynamic instrumentation.--Aercdynamic evaluation of the overal: stage
performance, rotor performance, blade element, and vane element data of the
transonic fan stage required highly accurate sensing elements and utilized a
computer-controlled data acquisition system. Accordingly, the tvpes and designs
of fixed sensing elements were carefully selected to provide the necessary accu-
racy, and the proper locations and distribution of all fixed instrumentation
were determined to minimize blockage effects. Three categories of aerodynamic
instrumentation were needed to provide three basic sets of data: (1) fixed
instrumentation for evaluating overall stage performance, (2) traverses for
determining rotor and stator element performance, and (3) high-response
pressure transducers and stail sensors for evaluating transient and dynamic
characterisiics. A schematic of the test stage identifying the designated
instrumentation stations and their corresponding exial locations is shown in
fig. 6. A summary of the instrumentation station designations is shown beiow,
and a schematic indicating the type of instrumentation and circumferential
location of each station appears in fig. 7. Fig. 8 show the fully instrumented
test stage.

Station number Location

o] Inlet bellmouth screen

1 Bellmouth instrumentation plane

2 Distcrtion screen plane

3, 4, 4.3, L.6 inlet duct instrumentation

5 &otor inlet instrumentation plane



5.5 Rotor inlet traverse plane

6 Rotor leading edge

7 Rotor casing instrumentation

8 Rotor trailing edge

9 Rotor exit traverse plane

10 Stator leading edge

n Stator trailing edge

12 Stage exit instrumentation plane

13 Plenum inlet plane

14 Downstream temperature mixing plane

The primary airflow measurement system consisted of ASME standard thin
plate, square edged orifices located downstream in two straight pipe measuring
sections. The orifice sizes were chosen to provide the largest orifice-to-
pipe diameter ratio for which accurate coefficients are available in the ASME
power t:st code of ref. 6. Accordingly, an 18.30-in. (46.48-cm) orifice was
used in the 23.50-in. (59.69-cm) diameter pipe and a 27.13-in. (68.90-cm)
orifice was used in the 35.38-in. (89.85-cm) diameter pipe. Two diametrically
opposed sets of flange taps for each orifice were used. Each orifice tempera-
ture was measured by dual thermocouples located in accordance with ASME standards.
Transverse (cruciform) pitot-static rakes located in the calibrated bellmouth
section (station 1) provided a secondary check of the flow measurement. Sta
tion 1 instrumentation contained 29 elements loc.ted at centers of equal annular
areas. The sum of the orifice flows agreed with that obtained from the bell-
mcuth measurement to within 0.5 percen-

Speed was monitored and compared with two independent inductively coupled
monopole electromagnetic pickups and counters. Overall system accuracy was
10.2 percent.

The inlet total temperature was measured at station 0 by fourteen chromel-
constantan type E thermocouples of 0.020-in. (0.051-cm) wire diameter. Stator
exit total temperatures (fig. Ya) were measured by six radial rakes with shielded
high=-recovery thermocouples. These rakes were circumferentially indexed to
obtain readings evenly distributed across the stator vane at 0, 20, 40, 60, 80,
and 100 percent gap. The seventh rake, which measured temperature at mid-gap,
was located approximately 180 deg from the 40 and 60 percent gap thermocouples.
These vane exit thermocouples were chromel-constantan, Type £, using 0.010-in.
(0.025-cm) wire diameter. The thermocouple lead wires were calibrated for each
temperature element. In addition, stage downstream temperatures (after radial
and circumferential mixing) were measured in each exhaust duct at station 14,
which gave a check to the station 12 measurements. All thermocouples were



channeled through constant-temperature ovens for reference. To check overall
system performance and assure data validity, two standard temperatu.es (the
melting point of ice and the boiling point of water) were monitored through
each reference junction. These temperatures generally were maintained to
within *0.5°F (£0.19K) of their standard.

The inlet total pressure was measured by the bellmouth cruciform pitot-
static rake during uniform inlet flow testing and by two radial rakes located
at station § during circumferential distortion testing. The station 5 rakes
were removed for uniform inlet flow testing. The stator exit total pressures
were measured by 11-element wake rakes (fig. 9b) evenly distributed circum-
ferentially across the vane passage. Two wake rakes, 180 deg opposed, were
used at each immersion. Wall static pressure tap locations are shown in fig. 7.
A scuematic of the stator channel static tap locations is shown in fig. 10,
Pneumatic switches utilizing one calibrated pressure transducer per 45 pressures
were used for most pressure measurements. To check system performance and
assure data validity, two reference pressures for each transducer were supplied
by dead weights at 0 and 80 percent of transducer full scale and monitored to
maintain a recording accuracy of 0.3 percent of full range.

Radial rakes (fig. 11a), located at statior 10 and midway between stator
gaps, contained high-frequency-response pressure transducers for the detection
of rotating stall. The rakes, separated by 180 deg, each had immersions that
corresponded to 10, 47, and 90 percent of span.

Three different types of wedge probes (shown in figs. 11b, 11c, and 11d)
were used for obtaining blade and vane element data. Total pressure, static
pressure, absolute air angle, and temperaturz were measured with 60-deg and
30-deg wedge probes; static pressure and absolute air angle also were measured
with an 8-deg wedge probe. During uniform inlet flow and radial distortion
testing, stations 5.5 and 9 each were equipped with one 60-deg wedge probe and
one 8-deg wedge probe, while two 60-deg wedge probes were located at station 12.
During circumferential distortion testing, however, two 60-deg wedge probes
and one 30-deg wedge probe were located at both stations 5.5 and 9. Wedge
probes were calibrated for Mach number as a function of indicated static-to-
total pressure ratio. Stator angles, discharge valve settings, and distortion
screen angular positions were visually displayed and manually recorded by
the data acquisition system.

Ten high-frequency-response pressure transducers were flush-mounted in two
axial lines over the rotor blade tip. As shown in fig. 12, these transducers
were located in two rows spanning one rotor passage along with ten corresponding
wall static pressure taps that provided a reference level for each high-frequency-
response transducer. A proximity detector, sensing a target on the front shaft
assembly, provided a one-per-rotor-revolution pulse to locate a known blade
passage and position relative to the transducer positions. The transducers have
a linearity of one percent and rise time of less than two microseconds. A shock
tube calibration of each transducer and a matching source follower was made
and photographed prior to test to verify pressure level response.



The nine immersions of fixed instrumentation were defined by the
intersection of the axial station and the design streamlines that pass through
5, 10, 15, 28.2, 47, 68.9, 85, 90, and 93.7 percent of the passage height
measured from the tip at the rotor trailing edge.

All aerodynamic data except those from high-frequency-response instrumenta-
tion were obtained in millivolts by an automatic data acquisition system and
recorded, in counts, on magnetic tape. The data acquisition system used for
recording fixed instrumentation displayed all measured parameters on a cathode
ray tube in real time at 30-sec intervals. The data acquisition system used
for recording blade element data and stall transient flow data recorded in 1-sec
intervals. The high-frequency-response data were recorded on wide-band, multi-
channel magnetic tape recorders.

Mechanical instrumentation.--Rotor blade vibrations were measured with
dynamic strain gages located at four different positions (established from
bench testing) on the blade and midspan damper and monitored through a slip
ring. Stator vane vibration was similarly measured with strain gages located
in two basic positions.

Shaft dynamics and bearing mechanical conditions were monitored with accel-
erometers located in the bearing housings on vertical and horizontal planes.
In addition, bearing housing temperatures were measured with chromel-alumel
thermocouples. The structure dynamic response was measured with velocity pick-
ups located on the front frame in the vertical and horizontal positions.

Five capacitance-type calibrated clearanceometers were utilized to monitor
rotor blade running tip clearances and untwist. Four clearanceometers spaced
90 deg apart were located at the rotor leading edge, and the fifth was placed

at the trailing edge on a projection of the tip chord line from one leading
edge probe.

Data from the mechanical instrumentation were monitored visually on
oscilloscopes and recorded on wide-band magnetic tape recorders.
Test Procedure

Shakedown test.--Shakedown tests were conducted with the following
objectives.

(1) Establish mechanical integrity of the test vehicle.

(2) Evaluate stress and vibration levels throughout the required test
operating range.

(3) Determine a stator setting at design speed that results in minimal
influence on rotor stall,

(4) Thoroughly check out instrumentation and data reduction programs.



Initially, a mechanical check-out to only 60 percent of design speed was
conducted for procedure and vehicle familiarization. The test stage was fitted
with Plexiglas windows contoured to the outer shroud adjacent to the rotor to
check out the system required for the flow visualization program. (The windows
were replaced with metal plugs for the shakedown test and all performance testing.)
The flow visualization program was scheduled to be conducted following completion
of the uniform inlet flow testing to make the most efficient use of available test
time,

For the shakedown test, the fan stage was slowly accelerated to design speed
with wide-open discharge valves and the stator stagger angle set at the nominal
(design) position. Rotor and stator vibratory stresses, vibration levels on
critical components, and rotor blade tip clearances were monitored and recorded
during this acceleration. All stress and vibration levels were well within
acceptabie limits. Data at two design speed points (wide-open throttle and
design pressure ratio) for overall and blade element performance were recorded
to check instrumentation and data reduction programs. The stage was then stalled.
The stall-created overspeed activated a facility safety valve in the drive
turbine, resulting in a shutdown. Inspection after shutdcwn revealed that
three rotor hlades had sustained minor damage from foreign objects. The damage
was caused by several pieces of braze material that had broken off at the junc-
tions of the protective screen on the bellmouth. The screen was repaired, the
three damaged blades replaced, the rotor disc reinstrumented, and the test
resumed. Shakedown testing was conciuded with the stator optimization test,
wherein the stators were varied *5 deg from their nominal setting at design
speed with flows from wide-open throttle to near-stall. A 3-deg-closed stator
setting (increased stagger angle) was used for all performance testing because
it slightly improved stall margin and efficiency over the values obtained from
other settings tested at design speed.

Uniform inlet flow test.--Thirty-one overall and blade element performance
data points were obtained with uniform inlet flow at speeds of 60, 70, 80, 90,
95, 100, and 110 percent of design speed. Four data points were taken at 60,
70, 80, and 110 percent of design speed, while 5 data points were taken at the
other speeds. Stall flows were obtained at all speeds except at 110 percent
design speed. High overspeed stall (110 percent of design speed) was deleted
from the test program as a safety precaution to ensure successful completion
of the flow visualization program. Because stall occurred abruptly during the
shakedown test with nominal stators, the design speed stall was deferred until
just prior to distortion testing. Near stall, only overall performance data
points were taken at 80 and 100 percent speed. To maintai- a measure of safety,
the traversing wedge probes were retracted out of the flow path as stall was
approached. High-frequency-response rotor casing transducer data were record:
for fifteen points: two at 80, three at 90, and five each at 95 and 100 percent
of design speed. These data were utilized for developing blade tip static pres-
sure contours.

Following completion of testing with uniform inlet flow and prior to distor-
tion testing, the fan stage was configured for the flow visualization program.
This was accomplished by removal of the traversing wedge probes and installation
of contoured Plexiglas windows in the outer shroud. All fixed instrumentation
was retained.
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Distorted inlet flow test.--Prior to distortion testing, the rotatable
distortion support grid was installed 17.2 in. (43.7 cm) upstream of the rotor
leading edge; Plexiglas windows in the outer shroud were replaced with metal
plugs; traversing wedge probes were reinstalled; and rotor inlet tota! pressure
radial rakes were placed at station 5. Sixteen overall performance data points
for the predistortion baseline configuration were obtained at 70, 90, and 100
percent of design speed at flows from wide-open throttle to stall. Five read-
ings at 70, six at 90, and five at 100 percent speed were taken. This pre-
distortion configuration was evalLated to establish baseline data prior to
distortion testing in the event that performance with the distortion screen
support grid would be substantially different than for uniform inlet flow.

Three layers of screens of open area ratio 0.585, 0.602, and 0.560 (varying
from upstream to downstream) were attached to the distortion support grid to
create the hub-radial, tip-radial, and circumferential distortion patterns at
the rotor inlet. ihe radial distortion screens were sized to create a distortion
pattern extending over 40 percent of the annulus area at the rotor inlet plane.
The circumferential distortion screen was sized to create a 90-degree continuous
segment of low pressure area at the rotor inlet plane.

Overall performance and blade element performance or flow distritution data
were taken at twelve readings for hub-radial distortion, eleven readings for
tip-radial distortion,and twelve readigs for circumferential distortion. These
data were obtained at speeds of 70, 53, and 100 percent of design speed and
flows between wide-open throttle ¢nd stall. A data point was taken at 97 percent
design speed with tip radial distortion to establish the distortion level at
design flow. At design speed with hub-radial distortion, a facility system-
induced instability was encountered prior to stall and was characterized by a
low-frequency acoustic test cell resonance. An overall performance data point
reading for circumferential distortion consisted of seven separate scans of data,
wherein the distortion screen was indexed by 45 deg between scans (270 deg of
total movement) referenced to the screen centerline. Flow distribution data were
recorded for circumferential distortion while continuously rotating the
distortion screen through 360 deg.

Rotor blade and stator vane vibrations were monitored for all testing, and
stress levels were well within established limits., Rotor tip high-frequency-
response instrumentation was not recorded during distortion testing.

Data Reduction Me.ods

Raw digitized data for determination ¢f overall and blade element perfor=
mance ere measured in millivolts, converted to counts, recorded on magnetic
tape, aid transferred to printed nutput in engineering units corrected to
standard day conditions. Analog data recorded on magnetic tape for analysis of
stress and vibration levels, stall probe signals, tip clearanceometers, and
rotor ca:zing high-response transducers were transferred to oscillograph traces
for interpyretation.



Overal! performance.--The two total pressure elements corresponding to the
same stator gap position and radial location were arithmetically averaged and
the resultant eleven values circumferentially mass averaged. A constant circum-
ferential static pressure, obtained by linearly interpolating an arithmetic
average of the wall static pressures, was assumed. Stage exit total pressure
was then calculated by radially mass averaging the nine immersion circumferential
mass averages. ’

The circumferentially and radiallv mass-averaged stage exit total tempera-
tures were obrained in the same manner as that used for calculating total prcs-
sures except for the added interpolation required to satisfy a ore-to-one
correspondence between the seven available temperature elements and the eleven
pressure elements at the same immersion.

For circumferential distortion testing, seven separate data scans were
recorded for distortion screen positions indexed by 45 deg over a 270-deg seg-
ment. An eighth scan was developed wherein the individual element exit pressures
(both static and total) and temperatures were set equal to the arithmetic average
of the previous seven scans. The stage exit total pressure and temperature were
then circumferentially and radially mass averaged as previously described for
uniform and radially distorted inlet flow testing.

Inlet total pressure for uniform inlet flow was set equal to the arithmetic
average of the pitot-static elements downrstream of the inlet bellimouth. For
radgially distorted inlet flow, an arithmetic average of radially mass-flow
averaged pressures from the two fi _d rakes at the rotor inlet was used as the
inlet total! pressure. .

Circumferential distortion inlet total pressure was determined from the
two fixed rakes at the rotor inlet in the following manner. Separation of both
total and static pressures was maintained while under the influence of the
distortion screen (t45 deg from the screen centerline anguiar position) from
that instrumentation located in the remaining 270-deg undistorted region for
each data scan. The arithmetic average of these pressures taken over seven
scans (seven different screen positions constituting a data point) for each
immersion was then radially mass-averaged separately for both the distorted
(minimum pressure region) and undistorted (maximum pressure region) rotor inlet
segments. (These minimum and maximum radially mass-averaged oressures were used
as the measure or index of the distortion.) Finally, the inlet total pressure was
computed by circumferentially weighting the minimum pressure value over one-fourth
the inlet annulus and the maximum pressure value over the remaining three-~fourths
of the inlet annulus.

Blade element performance.-=-Continuous traversing wedge probes at the
rotor inlet plane, rotor exit plane, and stator exit plane were used to measure
total pressure, total temperature, air angle, and static pressure for uniform
and radially distorted inlet flow testiny. Primary measurements of static
pressure were obtained with the 8-deg wedge probes, while primary angle measure-
ments were obtained with the 30-deg wedge probes. Angle-only measurements
obtained from wedge probes were used at the stator exit plane for evaluating
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stator vane element performance; the pressure and temperature data were
taken from the circumferentially mass-averaged values determined from the
fixed instrumentation.

All blade element parameters determined for the blade and vane leading
and trailing edge positions were translated from the measuring planes accounting
for continuity and radial equilibrium and assuming design streamline slopes.
Rotor-only performance was based on the mass-averaged total pressures as measured
by the radial surveys and the fixed temperature rakes at the stator exit plane.
For near-stall data points, for which traverse data were not taken, the arith-
metic average of the peak values of circumferential total pressure at the same
immersion was used as the rotor exit radial pressure distribution.

Three fixed-position (30-deg and 60-deg) wedge probes calibrated for Mach
number at each of the rotor inlet anu rotor exit planes were used to measure
flow distribution data at the measuring planes only (not translated to blade
and vane leading and trailing edges) during a continuous 360-deg rotation of
the distortion screen. Stator exit vector diagram parameters at the selected
radial positions were based on the arithmetic average of the stage exit wake
rake pressures as a function of the particular rake mean angular position, local
temperature, and a linear interpolation of the localized wall static pressures.

Rotor casing static pressure contours.--Static pressure contours over the
rotor blade tips were obtained by using continuousiy recorded variable pressure
data measured by ten high-fr~quency-response transducers distributed axially and
by correspondingly located wall static pressure taps for measurements of the
average static pressure !evel. The transducer data were recorded at 120 in./sec
(304.8 cm/sec) tape speed in the frequency modulation mode double extended. Also
recorded and superimposed on these transducer signals were the one-per-revolution
pulse for accurate positioning of a known blade passage, a 10 000-Hz reference
signal for speed checks, and an Inter-range !nstrumentation Group (IRIG) time
code to provide a time reference. These recorded signals were reproduced at a
tape speed of 1.875 in./sec (4.763 cm/sec) and inserted directly into an oscil-
lograph and traced at 80 in./sec (203.2 cm/sec) paper speed. Each transducer
trace was then referenced to the same point in time (instant of the one-per -
revolution pulse). A computer program then converted manual measurements taken
from the oscillograph traces over a one-blade-passing period plus the average
pressure obtained from the wall static taps into isobaric values of pressure
between a blade passage.
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RESULTS AND DI SCUSSION

Shakedown Tests

The shakedown tests were accomplished with uniform inlet flow and
establi shed that vibratory stress levels for the blades and vanes were well
within acceptable limits over the required operating range. A stator setting
of 3-deg closed was selected as a result of stator optimization tests and was
used for all further testing.

Fig. 13 presents relevant efficiency and flow data cbtained during stator
optimization tests wherein the stator setting was varied between 5-deg open
and 5-deg closed at design speed for two separate levels of pressure ratio.

The data show that open (negative) settings reduce efficiency at both the
design pressure ratio and the pressure ratio adjacent to stall, while reducing
flow only at the near-stall pressure ratio. The closed (positive) settings,
however, showed the opposite trend of increasing efficiency for both the lower
and higher pressure ratios and increased flow at the near-stall pressure ratio.
(1t was felt that a significant flow rate reduction with increasing pressure
ratio at design speed would result in reduced stall-margin at part speed.)

The stagger setting also was found to have a significant effect on the stator
vane vibration, but the effect on rotor blade vibration was negligible. The
measured rotor blade stress did not exceed 3 ksi (%£20.68 x 10% N/m2). The
stator vane stress approached 30 ksi ($206.8 x 106 N/m2) for the 5-deg-open
setting and decreased to t4 ksi (£27.57 5 106 N/m2) with vibration levels
becoming less random as the vanes were closed. The stator vanes responded at
a predominant frequency of 620 Hz, which ‘s the fundamental flexural natural
frequency. The random character of the vibration at the open stator angles
was indicative of separated flow. No reoular modulation was seen that would
have been indicative of rotating stall.

During shakedown testing, three rotor blades sustained minor damage from
foreign objects (braze material from the bellmouth inlet screen) and had to
be replaced prior to completion of the test. Check points of data taken prior
to the blade replacements indicated no change in performance.

Uniform Inlet Flow

Rotor and stage overall performance.--Overall performance of the rotor and
stage with the 3-deg-closed stator setting is tabulated in table 1 and shown in
figs. 14 and 15, Stall was approached gradually such that stall transient flow
data (1-sec intervals) was correlated with the slower responding overall perfor-
mance data (30-sec intervals) to establish the stall-limit data point.
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At design speed, the rotor achieved a peak efficiency of 89.7 percent at a
pressure ratio of 1.724 ana an equivalent flow 3 percent in excess of design.
A pressure ratio of 1.512 and efficiency of 88 percent were the design objectives
for the rotor. At design speed and prassure ratio, the rotor efficiency was
85.4 percent, but the flow rate was 4 percent greater than design.

The peak stage efficiency achieved at design speed was 83.7 percent at a
pressure ratio of 1.669, whereas the design intent was 86.2 percent at a pres-
sure ratio of 1,500. At this design pressure ratio and speec. an efficiency of
81.2 percent, and a stall margin of 24 percent were achieved. On the basis of
a constant-throttle line passing through the design pressure ratio at design
speed, stall margins of 23.2 percent at 90 percent speed and 32.8 percent at
70 percent speed were obtained.

The rotor efficiency exceeded 90 percent, and the stage met the design
intent, but this occurred at 95 percent of design speed and a pressure ratio
higher than design. Although the rotor was capable of producing efficiency
levels higher than design at design speed, the efficiency loss across the stator
was over twice the design prediction.

The level of peak efficiency decayed rather uniformly from 6u percent to
90 percent of design speed, then abruptly increased by 5.5 pcints for the rotor
and 3 points for the stage when spead was increased to 95 percent of design
speed indicatjing the transition between the ''unstartes” and ''started'' operating
modes. At 90 percent of design speed, the wide-open-throttle, rotor-only effi-
ciency was 88.5 percent for a pressure ratio of 1.352 and then abruptly decayed
to 85.8 percent for a pressure ratio of 1.429 with only a 1.3-percentage point
reduction in flow. The remainder of the efficiency characteristic was continu-
ous to stall. (The stage efficiency characteristic did not reflect this abrupt
change in efficiency, however, because of compensating stator losses.) A thor-
ough investigation of this rotor passage starting development is detailed in
ref. 5. A summary of this material is included in this report together with
pertinent holographic data.

Minimal cata obtained on the original design prior to failure indicated
a 2 percent over-design flow at design speed. The 4 percent over-design fiow at
design speed with the redesigned rotor results from a combinat.on of two effects:

(1) The start margin (defined in ref. 1) applied to this design was
over-conservative.

(2) The geometric throat area for the blading was 4 percent
greater than for the original design.

A start margin varying from 5 percent for section 1 to approximately
2.5 percent for section 8 was thought to be required to ensure passage starting
at design speed for the original design and was retained for the redesign. A
review of these data coupled with the extensive study of rotor passage start-
ing development indicated that starting occurred at wide-open throttle
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and 90 percent of design speed, which corresponds to 98.4 percent of design
flow, or approximately 6 percent less flow than delivered at design speed and
at a considerably lower relative Mach number than design. Using the methods
presented in ref. 1, the design start margin could have been reduced.

Although the aerodynamic throat areas, i.e., start margin, of the original
design were incorporated in the redesigned rotor blading, the added structural
safety margins of the redesign, as reflected in axial and tangential tilts and
pretwist to counteract steady-state stresses, resulted in a 4 percent larger
throat area for the as-manufactured blade. |f the steady-state stresses (not
measured) were less than predicted and «!lowan-e is made fcr increased blockage
of a 70 percent thicker midspan damper on the .edesign, a flow 2 percent higher
than that of the original design is reasonatle. It can therefore be seen that
a reduction in throat area required to pass dusign flow at design speed could
result in insufficient start margin.

The rotor blade was mechanically e for all ope-ating conditions. At
the highest pressure ratio of 1.67 inve ‘ted and 110 sercent of design speed,
the rotor strain gages indicated the ma. . .. stress level of #3 ksi (20.69 x

106 N/m2) at a frequency of 1270 Hz. This frequency was ciose to the calculated
firsyu torsional natural frequency, but does not corresponcd tc an integral order
of rotational speed, nossibly indicating that the blade was approaching a flutter
condition. The analytically derived natural frequencies were considerably higher
than those measured at any operating condition, probably because of the varia-
tion in fixity assumed at the midspan damper in the calculation.

An oscillograph trace from the high-frequency-response instrumentation
used for detecting rotating stall is shown in fig. 16 for 90 percent of design
speed and is typical of all speeds. The s:all, although abrupt, is seen to
originate in the tip region and then become & full span stall. The staltl pulse
had a frequency of recurrence of approximately 5.8 percent of rotor speed. The
pressure amplitude is approximately 10.5 psi (7.24 N/cm?) .

Blade element data.--Rotor spanwise pressure ratio and efficienc: at the
design speed and design stage pressure ratio is compared to the design predic~
tion in fig. 17. The pressure ratio is significantly highe. -han design in both
the tip region and the area adjacent to 70 percent span. The hub and region
close to the midspan damper met design levels. The efficiency was moderately
less than design at the end walls, but was significantly helow design at the
damper. The three-dimensional shock patterns seen in the holegram could account
for the high losses in the midspan damper region.

Fig. 18 is the rotor spanwise distribution of total loss coefficient,
diffusion factor, deviation angle, and suction surface incidence at the design
speed and stage pressure ratio compared to design predictions. The span-wise
distribution of total loss coef®’<ient parallels the design intent if the
integrated loss associated with .ne midspan damper was equally distributed
radially as practiced in the design method of ref. 1. The resultant loss would
match the design levels from mid-passage to 85 percent span, ut exceeds the
design values in the tip and end-wall regions. Except for these end-wall
regions, the loss is greatest at mid-passage, which substantiates the design
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assumptions of ref, 1. The diffusion factor was slightly higher throughout the
span, with the largest discrepancy from design occurring at .he hub (0.5 com-
pared to 0.3). The deviation angle was :pproximately 2 deg less than design
throughbout most of *he span, reaching almyst 5 deg at 70 percent span and
exceeding design .y at the hub. Since this data point was L4 percent over
design flow, the suction surface incidence was less than design, varying from
approximately 1 deg less at the tip %c over 6 deg less at the hub,

The inlet and exit relative Mach number spanwise distributions are compared
to the design values in fig. 19. The inlet relative Mach number is in agreement

with the design intent even with the L4 percent over design flow -- this affects
the inlet relative Mach number by only 0.6 percent. The exit relative Mach
number was less than predicted in the supersonic region, thereb hing sonic
velocity slightly outboard of the desired midspan damper loucati o0 1),

The stator spanwise total loss coefrficient, diffusion factor deviaticn
angle, and suction surface incidence are compared to the design values for the
design speed and stage pressure ratio in fig. 20. Of note are the severe end-
wall losses at moderate diffusion factors and the significently higher incidence
near 30 percent span as influenced by the midspan damper.

Fig. =1 compares the spanwise scage element pressure ratio, “emperature
ratio, and resulting adiabatic efficiency at the design speed ana pressure ratio
to the desijn intent. The temperature ratio exceeds the design goal to LU per-
cent span and satisfies the design levels for the remainder of the span. The
efficicncies of the end-wall and midspan damper regions at below design
predictions.

Blade nlement performance at nine radial positions is tabulated in ref. 4.
These data are presented in figs. 22a through 22i for the rotor and 23a through
23i for the stator in terms of total loss coefficient, diffusion factor, and
deviation angle varsus suction surface incidence angle. The design values are
indicated ir the figures. In general, these data show similar trends to the
spanwise des.yn speed and pressure ratio data previously presented.

Rotor blade tip static pressure contours.--The axial! distribution of steady-
state static pressures o. the design speed ai d pressure ratio for both the hub
and shroud is shown in fig. 24 conpared to the design intent. Steady-state
values of static pressure in the outer shroud .vcr the rotor blade tips betwe-n
stations 6 and 8 shown in the figure were coupled to high-frequency-recponse
measurements to develop static-pressure cuntours within the rotor blade passaqe.
Figs. 25 and 26 show typical ~'gh-frequency-response oscillograph traces,

Fig. 25, obtained at design s.2ed from wide-open throttle to near-stall, inii-
cates the change in amplitude response through the blade passage a: varviry
back pressures. The design shock system is superimposed on the blade tip
(streamline 1) passage conical development in fig. A<l of Appendix A.
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The steady-state (time-averaged) axial distribution of static pressure
along with the contours developed from the oscillograph traces are shown in
figs. 27 through 41 for a range of operating conditions at 80, 90, 95, and
100 percent of design speed. Interpretation of these contour plots for defin-
ing shock pattern, strength, and location is complicated by several factors such
as wall boundary layers, tip leakagc vortices, and, primarily, by the large-
diameter sensing surface of the transducer relative to the small dimensions to
be resolved. A study of the figures, for example, reveals that most of the
static pressure contours are normal, rather than parallel, to the preaicted
shock directions. Therefore, the contour plots should be viewed as a measure
of qualitative, rather than of quantitative, value.

Figs. 27 and 28 obtained at 30 percent of design speed show steep gradients
in static pressure upstrcam of the blade leading edge indicating the presence of
a strong bow shock. This conclusion is substantiatea by the holograms obtained
at this conditionand reported upon in ref. 5 wherein a strong detached bow
shock was observed at the 80 percent of design speed, mid-throttle condition.
When speed was increased to 86 percent of design speed, the bow shock detach-
ment distance was reduced and at 90 percent of design speed, a strong, normal
shock was recorded attached to the blade leading edge. A weak oblique shock
system, as per design intent and indicative of passage starting, was not devel-
oped within the blade passage until 92 percent speed was reached. These strong
bow shock, are, therefore, representative of the steep gradients in static
pressures recorded through 90 percent of design speed as shown in figs. 30 and
31. The shock patterns as detected and included in ref. 5 are shown by dashed
lines superimposed on fig. 31 for reading 106. Fig. 30, which corresponds to a
lesser back pressure, shows steeper gradients in static pressure in the leading
edge region, but these gradients do not influence the complete blade passage as
for the higher back pressure condition shown in fig. 31.

The static pressure contours for wide-open throttle, 90 percent of design
speed presented in fig. 29 from reading 103 show that static pressure gradients
do not extend upstream of the leading edge, but are contained essentially within
tae passage. Holograms were obtained at this condition. The shock system and
tip leakage vortex is shown superimposed in dashed lines on the contour plot.
The leading-edge shock is seen to be oblique.

The rotor efficiency characteristic for 90 percent of design speed was
previously shown (overall performance section) to decay abruptly from the wide-
open throttle condition (reading 103) to the adjacent back-pressure condition
corresponding to reading 101 indicating the effect between ''started' and
"'unstarted'' operating conditions. This started-to-unstarted transition is fur-
ther substantiated by the extension of the static pressure gradients at the
leading edge shown on the contour plots and the holograms recorded at this con-
dition. This transition also is shown by the large passage-to~passage variations
(primarily in the leading-edge region) of the oscillograph recordings of the
high-frequency-response transducers over the rotor tip. A portion of this
oscillograph record appears in fig. 26 and was obtained during the transient
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between wide-open throttle and the next highest back-pressure ccndition. The
peak-to-peak amplitude variation is shown to vary abruptly from 4.0 psi (2.8
N/cm?) for one passage to approximately 16.0 psi (11.0 N/cm?) for an adjacent
passage. This is evident in the transducer signal just inside the blade lead-
ing edge (channel 3). A large variation also can be seen in the transducer
signal just upstream of the blade leading edge (channel 2). The traces in the
trailing-edge region (channels 8, 9, and 10), however, show reasonable passage-
to-passage repeatability. The transition region was not approached from the
low-f low end of the characteristic to determine hysteresis.

Figs. 32 through 36 are the contours obtained at 95 percernt of design
speed. Fig. 35 appears to be typical of the contours obtained at this speed,
and shows the shock pattern (dashed 1ines) as determined from tue holograms.
The oblique shock at the leading edge is seen to curve sharply as it intersects
the tip leakage vortex to become perpendicular to the suction surface. The
next downstream shock was determined from ref. § to emanate from the midspan
damper and is termed as such. The furthest downstream shock showr is identi-
fied as a second damper shock. Any trailing-edge shock was partially obscured
by the midspan damper and, therefore, was not shown. The shock system is
defined, however, at inboard streamlines to the midspan damper in ref. 5.

The near-stall data point (reading 119) obtained at 95 percent of design speed
indicates the progression of the contours forward of the leading edge, which
may be indicative of passage unstarting.

Static-pressure passage contours at design speed are shown in figs. 37
through 41 in order of ascending pressure ratio. These contours are all similar
to the more open throttle setting contours obtained at 95 percent of design
speed. The shock pattern obtained from the holograms at the condition of wide-
open throttle is superimposed on fig. 37 (reading 107) in dashed lines indicating
that the pressure contours do not explicitly define shock fronts. The trailing-
edge shock is shown at the intersection of the leading-edge oblique shock and
the suction surface. Fig. 39, the design stage pressure ratio, also contains
the superimposed shock patterns derived from ref. 5 shown by dashed lines. The
shock system at design pressure ratio and speed showed four major shock waves
(1) a leading edge shock, (2) a midspan damper shock, (3) a second damper
shock, and ‘') a trailing edge shock. Tip leakage vortices were also seen
along the suction surface on the blade. A weak oblique shock extended from
the blade leading edge to the suction surface near the trailing edge at the
outer wall. The shock was bent sharply to become nearly perpendicular at the
intersection of the suction surface. A segment of this shock appeared to continue
obliquely and intersect the blade further along the chord away from the tip
region. Details of this shock near the sucticn surface were obscured, however, bv
the coalescence of the midspan damper and trailing edge shock fringes as well
as the tip vortices; the leading edge shock became visible outboard of the
midspan damper shock, where it intersected the shock from the midspan damper.

The midspan damper shock appeared to be a conically shaped shock emanating from
the intersection of the leading edge of the midspan damper on the suction surface.
The shock extended across the passage and the forward portion intersected the
pressure surface of the opposite blade well forward of the midspan damper

leading edge. The shock extended radially outward and intersected the pressure
surface immediately behind the blade leading edge. The shock extended across
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the passage and intersected the sucticn surface of the trailing eage near

the outer wall. Further back in the passage, a second damper shock was

observed, which emanated from the intersection of the midspan damper and pres-
sure side of the blade. This shock was a highly warped surface nearly coincid-
ing with the midspan damper and trailing edge shock at the blade trailing edge.
The trailing edge shock appeared as a single bright fringe at the blade trailing
edge. This shock was similar to the design trailing edge shock but was displaced
slightly forward of the trailing edge. The shock intersected the suction surface
of the biade slightly downstream of the leading edge shock. The four shock
fronts appeared to coalesce near the blade trailing edge.

Predistortion Baseline Test

A distortion screen supnort grid was installed at station 3, rotor inlet
total pressure rakes were installad at station §, and the fan stage was tested
from wide-open throttle to stall at 70, 90, and 100 percent of design speed.
The purpose of thic test was to evaluate the irfluence of the configuration
changes on overall performance, since inlet total pressure was now measured and
defined at station 5 rather than at station ! as it was for uniform inlet flow.

A summary of the rotor-only and stage overall performance data is presented
in table 2. These data are superimposed on the uniform inlet flow performarce
characteristics previously obtained for the rotor in fig. 42 and for the stage
in fig. 43. Comparison of these data with that obtained for uniform inlet flow
showed that repeatability was excellent. The only unexplained discrepancy was
the 1.5 percent higher peak stage efficiency obtained at design speed. The
abrupt decay in rotor efficiency from wide-open throttle to the adjacent lower
flow condition at 90 percent of design speed was repeated. The agreement ob-
tained for these data, therefore, established baseline data for camparing
the results of distortion testing. )

Hub-Radially Distorted Inlet Flow

Series stacking of annular screens on the distortion screen support grid
suppressed the inner 40 percent of the rotor inlet area producing a distortion
index (Pmax - Pmin)/Pmax of 0.158 at design {low, which occurred at design
speed. The equivalent inlet total pressure spanwise profile obtained is shown
by the lower curve of fig. 4k,

Rotor and stage overall performance.=~-The rotor-only and stage overall
data summary with hub radial distcrtion appears in table 3. These data are
super imposed on the uniform inlet flow performance (dashed lines) in figs. 45
and 4b for the rotor and stage, respectively. The level of distortion index
obtained versus design equivalent flow ratio is shown in fig. 47. This index
ranged from 0.158 at design flow to approximately 0.05 at 60 percent of design
flow. The wide-open throttle flow #~creased by 7 percent at 70 percent of
design speed, 2.5 percent at 90 percent of design speed, and 1.5 percent at
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design speed. A significant decay in pressure ratio occurred at all speeds
evaluated, resulting in a flat pressure ratio-flow characteristic whon com-
pared to that obtained with uniform inlet flow. A 4.5 point lcss in peak
efficiency resulted at design speed and a 6 point loss resul.ed at 70 percent
of design speed.

The stall limit line was improved a* 70 and 90 percen: cf design speed
over that obtained with uniform inlet flow. Stall margins ‘as referenced
from the constant throttle line developed with uniform ir.et tlow) of 44.3
and 50.4 percent were obtained at 90 percent and 70 percent o design speed,
respectively. The general character of the stall is shown ty “he high-frequency-
response stall probe oscillograph traces of fig. 48 for 9C percent of design
speed. As for uniform inlet flow, the stall originated at the “ip and pro-
gressed to the hub. The typical stall pulse had a frequenc: of recurrence of
€.7 percent of rotor speed and an amplitude of 6 psi (4.14 N/can?). The design
speed line stall Tlow was not obtained however, because ot the onset of an
apparent facility-induced instability characterized by a test cell acoustic
resonance. This phenomenon has been experienced in the past with similar test
configurations. With throttling, the design speed character:stic increased
to a pressure ratio of 1.59. Further throttling resulted in a flow reduction
ar constant pressure ratio until the facility instability was heard. Rotating
stall was not detected, and rotor blade and stator vane vibratory stress levels
remained within acceptable limits, The vibratory stress on che rotor blades
reacned only *4.5 ksi (£31.0 x 106 N/m2) and the stator vanes reached a fluctua-
ting $7.0 ksi (:48.3 x 106 N/m2).

Blade element data.--Blade element performance at 9 radial pisit.ons for
hub-radially distorted inlet flow in terms of total loss coeffi . ient, diffusion
factor, and deviation angle versus suction surface incidence is presented in
figs. 49a through 49i for the rotor and 50a through 50i for the stator. A
detailed tabulation of these data with additional performance parameters is
contained in ref. 4.

Rotor tip incidence was approximately 2 deg less than that obtained with
uniform inlet flow. Levels of diffusion factor ana deviation were similar,
however. Design values of rotor hub incidence with uniform inlet flow ranged
from 2 deg to 4 deg less than design values at design speed. Rotor hub diffu-
sion factors exceeded 0.65 (the highest seen in the testing of this stage), but
losses were less than with uniform inlet flow at design speed. At design pres-
sure ratio and speed, the local pressure ratio was higher at the hub and lower in
the tip region, indicating that hub-radial distortion was over-attenuated in
the hub region and amplified in the top region.

Stator end-wall .usses were as severe as measured with uniform inlet flow.
Measured hub incidence of the stator exceaded design values by as much as 16 deg.

Tip-Radially Distorted Inlet Flow

Series stacking of annular screens of the same open area ratio as used for
generating hub-radial distortion suppressed the outer 40 percent of the rotor

: . . . - a g
inlet area producing a distortion index (Pmax Pmin)/Pmax of 0 153 at de.ign
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flow and 97 percent of design speed. The resulting equivalent inlet total
pressure spanwise orofile is shown by the upper curve of fig. Lk.

Rotor and staqge overall performance.--The rotor-only and stage overall
data summary with tip-radially distorted inlet flow appears in table 4. These
data are superimposed on the uniform inlet flow performance (dashed lines) in
fig. 51 for the rotor and fig. 52 for the stage. The range of distortion index
obtained versus design equivalent flow ratio is shown ‘n fia. 47 and is identi-
cal to that obtained with hub-radially distorted inlet flow. T[he wide-open
throttle flow at design speed decreased by approximately 2 percent from that
obtained with uniform inlet flow, a 2.5 percent flow reduction was recorded at
90 percent speed, and virtually no difference was noted at 70 percent. A loss
of 5 points in peak stage efficiency was evident, both at des.gn speed and
70 percent of design speed. The level of peak rotor efficiency at 90 percent
of design speed was approximately that obtained with :1if- = inlet flow, but
stage efficiencv was lower by 3 points, indicating higher stator losses.

The stall limit line was reduced trom that « ..ined with uniform inlet
flow. The stall margins as referenced from the constant throttle line devel-
oped with uniform inlet flow were Y4.4, 12.1, and 13.0 percent at 100, 90,
and 70 percent of design speed, respectively. A typical oscillograph trace
of the high-frequency-response stall probes taken at design speed is shown
in fig. 48. The stall progressed from tip to hub as with uniform inlet flow.
The frequency of recurrence of the stall pulse was 6.02 percent of rotor speed.
This stall pulse had a pressure amplitude of 9.0 psi (6.21 N/cm? ). The highest
levels of Vébratgry stress measured with tip-radial distortion were #3 ksi
(#20.7 x 10° N/m<) for the rotor blades and 4.5 ksi (31.0 x 10° N/m€) for
the stator vanes, which occurred at design speed just prior to stall. These
levels were less than that seen during hub-radial distortion testing.

Blade element data.--Blade element perfo:mance at 9 radial positions for
tip-radially distorted inlet flow in terms of total loss coefficient, diffusion
factor, and deviation angle versus suction surface incidence angle is shown in
figs. 53a through 53i for the rotor and 54a through 54i for the stator. These
data and additional performance parameters are tabulated in ref. 4.

Rotor incidence angles \ ere about 3 deg higher in the tip region and 3 deg
lower adjacent to the hub than the angles obtained with uniform inlet flow.
Stator incidence angles, however, were approximately the same, for comparable
speeds, as seen during uniform inlet flow testing. The levels of deviation,
loss, and loading throughout the span for both rotor and stator are not appreci-
ably c.fferent that were seen with uniform inlet flow. At design pressure
ratio and speed, the local pressure ratio was higher at the tip, whereas the
hub pressure ratio was lower, indicating that tip-radial distortion was over-
attenuated at the tip and amplified at the hub.
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Circumferentially Distorted Inlet Flow

A 100-degree, full-span screer segment of the identical arrangement and
open area ratio as previously used for radial distortion testing suppressed
approximately 90 degrees of the rotor inlet measuring plane and produced a
distortion index of 0.138 at design speed and flow.

Stage overall performance.--A stage overall data summary for 70, 90, and
100 percent of desigr speed is presented in table 5 for circumferential dis-
tortion. These data are superimposed on the uniform inlet flow performance
(dashed lines) in fig. 55. The level of distortion index obtained versus design
equivalent flow ratio appears in fig. 47, indicating that a distortion level
range from 0.147 at 102 percent of design flow to 0.050 at 64 percent of design
flow was covered. These distortion levels were lower than those resulting from
radial distortion, The flow at wide-open throttle was reduced by approximately
2 percent at all speeds from that obtained with uniform inlet flow. A 3-point
peak efficiency loss also resulted at all speeds evaluated.

The stall limit line with circumferentially distorted inlet flow was
reduced from that obtained with uniform inlet flow, but not as severely as that
obtained with tip-radial distortion. The stall margins as referenced from
the constant throttle line developed with uniform inlet flow were 19.7, 20.9,
and 27.9 percent at 100, 90, a~d 70 percent design speed, respectively. Fig.
L8 shows a typical oscnllograph trace of the stall instrumentation for design
speed. The stall originated in the tip region with a stall pulse of 6.0 per-
cent of rotor speed and a pressure amplitude of 12 psi (8.27 N/cm?), higher
than was seen during all other testing. This design speed stall also resulted
in the highest vibratory stresses measured on the rotor of #20 ksi (%137.9 x
106 N/m). The stator vibratory stress level remanned low, however, at #4,5 ksi
(31.0 x 106 N/m2).

Circumferential variations of flow distribution parameters.--Typical hub
and shroud wall static pressure. circumferential distributions at five axial
stations between the distortion screen and rotor inlet planes are shown in
fig. 56 for design speed (reading 284), wherein a static pressure decay behind
the screen is indicated at all axial planes. Fig. 57 shows the total pressure
distribution at design speed for 10, 47, and 90 percent of span obtained at the
rotor inlet, rotor exit, and stage exit measuring planes. At design speed, the
exit pressure distortion was amplified in the hub region, but attenuated in
the midspan and tip regions. Only a small spanwise gradient in static pressure
exists at the stage exit plane as seen in fig. 58. The circumferential distri-
butions of absolute Mach number resulting from the static and total pressure
distributions is shown in fig. 59. A significant feature is the low value of
Mach number at the screen centerline adjacent to the hub at the stage exit plane.

The stage exit total temperature circumferential distribution obtained
from fixed instrumentation is presented in fig. 60 for design speed data point
reading 284. Fig. 61 presents the absolute velocity distribution showing the
low value near the hub at station 12. Fig. 62 presents the measured flow angle
distributions at the rotor inlet and exit plane for this design speed reading.
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Rotor inlet preswirl (positive angles in the direction of rotor rotationj is
created from 180 through 360 deg (viewed aft looking forward), while counter~
swirl is created from zero to 180 deg. A 10-deg error, suspected to be due to
an offset during calibration in rotor inlet angle, was experienced. The angle-
changes are, however, consistent with those of the other two immersions. Fig. 63
presents the circumferential distribution of rotor inlet and rotor exit axial
velocity for reading 284, which reflects what was previously seen in the distri-
butions of absolute Mach number and absolute velocity.

Design speed circumferential aistributions of relative Mach number,
relative velocity, and relative flow angle at the rotor inlet and exit planes
for 10, 47, and 90 percent span from the tip are presented in figs. 64, 65,
and 66. The influence of the screen on these relative parameters is more
sevare in the streamline adjacent to the hub than in the midspan and tip
regions. Tabulations of additional data showing circumferential variations
of flow distribution parameters are presented in ref. 4.
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CONCLUDING REMARKS

With uniform inlet flow, the fan stage produced a peak efficiency of
84 percent at the design tip speed of 1600 ft/s=c (488.6 m/sec), but a higher-
than-design flow and pressure ratio. The design stage efficiency goal of
86 percent was obtained at the design specific ticw of 42 Ib/sec-ft2 (205.1 kgm/
sec-m2), but at a pressure ratio of 1.6 instead of '.5, and only 95 percent of
design speed. A stall margin of 24 percent was achicved at the design speed
and pressure ratio.

The rotor blade sections in the outboard, supersonic region exceeded
design efficiency levels, thereby substantiating the method of characteristics
des ign procedure and the assumption of oblique shocks. The subsonic sections
adjacent to the hub, however, were moderately deficient because design incidence
was not achieved. Inlet flow was shifted toward the hub resulting in rotor
hub incidences considerably less than design. The st :r vane incurred laige
end-wall losses, thereby preventing the stage from reacning the efficiency
goal at design speed.

The transition between rotor-tip-passage ''started' and "‘unstarted'’
operating modes was seen to occur as low as 90 percent of design speed,
wherein an abrupt decay in rotor efficiency was obtained from wide-open
throttle with only a small increase in back pressure. Data from the high-
frequency-response instrumentation over the rotor tips and from holograms
obtained under separate contract also substantiate this minimum speed of
transition. The highest speed at which the passage was seen to unstart was
at 95 percent of design speed, near stall, as indicated by the rotor tip
high-frequency-response data. Holograms show the leading-edge shock to be
oblique and attached for the started condition and detached and near normal
to the passage for the unstarted condition.

Holograms taken at and near design speed show not only the leading-edge
and trailing-edge shocks ihat were considered in the design of thc [an stage,
but also a conical shock emanating from the intersection of the midspan damper
leading edge and blade suction surface and a second damper shock, neither cf
which were considered in the design analysis. Some of the high losses in the
midspan damper region may be due to this shock system.

The stall limit line was reduced by both tip-radial and circumferential

inlet distortion. Reduction in wide-open throttle flow, stall pressure ratio,
and peak efficiency level resulted from all types of distortion tested.
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TASLE 1

UNIFORM INLET FLOW PERFORMANCE DATA SUMMARY

_N,’_T- M {E- " h&} Rotor Stane

(Vg lneading] WE/D)gey Trs Pro/Prs Tad “poty | "112’%rs] " a “poly
0.60 59 0.686 C.0bkb 1152 0.927 0 929 1,145 3 889 0 &91
0.60 61 0.650 0.0548 1.185 0.908 0.310 1179 0.880 0 883
0.60 62 0.618 0.0608 1.203 0.892 0.894 1.197 0 866 0. 869
n.60 63 0.565 0.0695 1223 0.853 9.857 1.213 0.816 9.821
0.60 6& 0. 499 0.0801 1.245 0.807 0.813 1.22) 0.733 0 7%
0.70 67 0.793 0.0627 1.210 0.891 0.894 1.196 0.835 0.639
0.70 69 0.764 0.0744 1.262 C.921 0.924 1.250 0.882 0.88¢
9.70 I ] 0.731 0.0833 1.289 0.904 0.907 & 1.277 0.869 0.873
0.70 n 0.656 0.0997 1.324 0.847 ! 0.853 ! 1.307 {0.798 0.805
0.7 74 0.590 0.1095 1.347 0.81% 3.813 1.310 0.732 0.7z
0.80 75 0.881 0.0825 1.278 0.87 | 0.872 ' 1.250 |o 796 | 0.802
0.80 76 0.869 0.0391 1.338 0.876 | 0.881 1.324 }0.841 n.347
0 8 80 0. 842 0.1106 1.396 0 303 0.907 1.371 0 853 0.859
0.8 2 0. 801 0.1236 1.b40 0.888 0.834 1.415 0.3s2 0.850
0.60 83 0. 742 0.1345 1.457 © .84k 0.852 1.428 10.795 0.805
0.80 85 0.699 0. 1438 1.468 0.806 0.8156 1.426  10.738 0.750
0.90 103 0.984 0.1016 1.352 0.885 0.8%0 1.320 0.81 0.818
0.9 100 0.9N 0.12582 1.529 0.858 0.865 1.414 [ 0.830 0.838
0.90 191 0.957 6. 1426 1.500 0.861 0.868 1.479 0.826 0.837
0.90 106 0.942 0.1530 1.545 0.565 0.873 1.524 | 0.834 0.844
0.90 115 0.887 0.7 1.612 0.850 0 P50 1 580 0 809 0.821
0.90 116 0.863 0.1764 1.621 0.840 0.850 1.574 | 0.782 0.795
0.95 104 1.019 0.1136 1.396 0.879 0.885 1.348 | 0.784 0.793
0.95 105 1.016 0.1353 1.490 0.892 0.898 1. bby 0.825 0.834
0:” "7 1.008 0.1523 1.583 0.92¢ 3.926 1.5 | 0.861 0.869
0.95 18 0.995 0.16865 1.640 0.900 0.907 1.604 ]0.855 6.864%
0.95 19 0.952 0.1914 .m 0.867 0.876 1.656 | 0.408 3.62%
0.95 120 0.918 0.1966 1.709 0.842 ©.853 1.658 0.788 0.803
1.00 107 1.040 0.1261 1.429 0.851 0.858 1.369 0.743 0.754
1.00 108 1,044 0. 1462 1.510 0.854 0.863 1.475 | o0.803 0.813
1.00 128 1.041 0.1524 1.5h5 0.867 0.875 1.505 [0.812 0.822
1.00 125 1.035 0.1677 1.623 0.884 0.892 1.572 0.821 0.83.
1.00 126 1.031 0.1877 1.724 0.897 0.905 1.669 0.837 0.849
1.00 127 1.016 0.2080 1.770 0.860 0.871 1.738 | 0.827 0.840
2 a0 210 0.986 0.220) 1.806 0.836 0.849 1.763 | 0.795 0.812
1.10 109 1.079 0.1493 1.491 0.809 0.820 13 0.695 0 709
1.10 110 1.081 0.1589 1.522 0.802 0.814 1.475 0.738 0.752
1.10 13 1.082 0.1854 1.653 0.833 0.8uk 1.597 {0.770 0.784 |
i.10 14 1.083 0.2049 1.736 0.832 0.845 1.682 0.779 0.794

? obtained during predistortion baseline testing.
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TABLE 2

PREDISTORTION BASELINE PERFORMANCE DATA SUMMARY

N - " Q_:_ . Tnz'Trc Rator Stage

N e | Reading TROR I Trs P19/P1s " ad oy Pri2Prs | aa Tocly
0.70 195 . ;™1 0.0627 1.2 0.697 0.900 1.199 0.849 0.853
6.70 196 . 759 0.074b 1.258 0.911 0.914 1.246 0 872 | a.876
c.70 197 -737 0.0837 1.288 0.896 0.900 1276 0.862 0.866
0.70 198 .656 0.0989 1.330 0.858 0.864 1.30 0.8k 0 821
6.70 199 -581 0.1 1.342 0.789 0.798 1.303 6.706 | o 717
.30 200 .98% 0.1033 1.356 0. 380 0.885 1.329 0.818 | o 625
0.90 201 .967 0.1238 1.426 0.562 0. 863 1.408 0.828 0.837
0.30 202 954 3.1426 1.505 0.8¢1 0.876 1.488 0.637 0.8«6
0.90 203 943 0.1537 1.552 0.8N 0.878 1.530 0.839 | 0.848
0.20 M .908 0.1652 1.593 0.861 0.87 1.565 0.824 0.835
0.90 204 - 865 0.1722 1.607 0.843 0.853 1.571 0798 | 0.810
1.00 205 .040 0.1284 1.437 0.850 0.857 i.395 0.777 0.787
1.00 206 .00 0.1538 1.536 0.848 0.857 1.511 0.813 | 0.823
1.00 207 041 6.1691 1.610 0.862 0.871 1.583 0.827 0.838
1.00 208 .038 0.1862 1.704 0.683 0 832 1.676 0.852 0.862
1.00 210 .986 0.2201 1.806 0.336 0.849 1.763 0.796 | 0.812
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TABLE 3

HUB RADIAL DISTORTION PERFORMANCE DATA SUMMARY

N/ i W QS R Tle-TT Rotor Stage

N/ oo | Reading W VerR) 4o Trs Pro/Prs "ad % poly Pr12/Prs | Cad " poly
0.70 224 0.7% 0.0663 1217 0.872 0.975 1.200 0.806 | 0.811
0.70 225 0. 706 0.0783 1.254 0.854 0.859 1.243 0.817 | 0.823
0.70 226 0.670 0.0840 1.275 0.856 0.861 1.258 0.805 ' 0.311
0.70 227 0.594 0.0979 1.310 0.820 0.826 1.273 0.728 | 0.737
0.70 2N 0.509 0.1221 1.330 0.695 0.707 1.284 0.605 | 0.619
*0.70 228 0.493
0.90 229 0.953 0.1091 1.365 0.852 0.858 1.333 0.782 | 0.791
0.90 230 0.923 0.1296 1,454 0.87%0 0.877 1.416 0.805 | 0.814
0.90 231 0.872 0.1437 1.484 0.83 0.840 1447 0.773 | 0.784
.90 232 0.628 0.1543 1.500 0.793 0.804 1.465 0.742 | 0.756
0.90 223 0. 800 0.1589 1.509 0.785 0.797 1.470 0.730 | 0.745
0.90 27 9.679 0.1895 1.547 0.701 c.18 1.479 0.622 | 0.642
%.90 235 0.660
1.00 223 1.022 0.1319 1.434 0.822 0.831 1.390 0.7 | 0.757
1.0 220 1.002 0.1604 1.560 0.845 0.854 1.517 0.787 | 0.799
1.00 221 0.991 0.1766 1.658 0.880 0.888 1.583 0.792 | 0.805
1.00 222 0.962 0.1832 1.661 0.852 0.862 1.589 0.769 | 0.784
1.00 237 0.92} 0.1918 1.622 0.773 0.788 1.585 0.730 0.747

® Stall flow only obtalned.
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TABLE &

TIP RADIAL DISTORTION PERFORMANCE DATA SUMMARY

N/ < " /- . Tnz-TT Rotor Stage
WD Reading | VR, T Pr9/P1s Tad Tipoly Pri2’P15 1 ag “poly
0.70 242 0.782 0.0693 1.236 0.900 0.903 1.217 0.832 © 0.836
0.7 242 0.748 0.0817 1.276 0.883 0.887 1.259 0.85t  0.636
0.70 244 0.716 0.0897 1.299 0.865 0.870 1.281 0.817  0.823
0.70 248 0.677 0.0974 1315 0.835 0.842 1.291 0.776  0.784
0.90 246 0.956 0.1160 1.377 0.825 0.833 1.336 0.743 § 0.753
0.90 248 0.948 0.1345 1.463 0.85. 0.861 1.426 0.791 | 0.802
0.90 249 0.937 0.1526 1.538 0.858 0.866 1.500 0.804 | 0.8i4
0.90 272 0.920 0.1573 1.547 0.844 0.853 1.513 0.797 | 0.809
20.90 250 0.910
0.97 241 0.997 0.1595 1.54h 0.828 0.839 1.498 0.766 | ¢.7/9
1 00 251 1.021 0.1365 1.452 0.824 0.833 1.395 0.730 | 0.742
1.00 252 1,022 0.1604 1.552 0.834 . Bk 1.500 0.764 | 0.777
1.00 253 1.023 0.1713 1.592 0.829 0.8k 1.546 0.771 | 2.784
1.00 254 1.019 0.1795 1.635 0.840 0.851 1.585 0.781 0.795
1.00 272 1,004 0.2044 1.720 0.820 0.833 1.664 0.763 | 0.779
.00 255 0.984

8 Stall flow only obtained.
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TABLE 5

C1RCUMFERENTIAL DISTORTION PERFORMANCE DATA SUMMARY

N/TS w./578 T2 Tis Stage
I ———— ) n

(NA8) des | Reading (w \/5; 8) des TTS PT9/PT5 T‘ad ‘po Y
c.70 263 0.768 0.0664 1.208 0.834 0.838
0.70 264 0.736 0.0773 1.249 0.846 0.851
0.70 265 0.707 0.0848 1.267 0.824 0.830
0.70 266 0.635 0.0989 1.286 0.753 0.761
a

0.70 267 0.591

0.90 276 0.963 0.1124 1.350 0.795 0.803
0.90 278 0.940 0.1343 1.432 0.804 0.813
0.90 279 0.904 0.1492 1.469 0.777 n.789
0.90 280 0.859 0.1648 1.498 0.7b1 0.756
%.90 281 0.833

1.00 283 1.027 0.1374 1.412 0.753 0.764

1.00 284 1.021 0.1645 1.534 0.789 0.801

1.00 285 1.002 0.1836 1.586 0.765 0.780

1.00 286 0.979 0.1946 1.610 0.7h6 0.763
31.00 287 0.940

a

Note:

Stall flow only obtained.

rotor-only values not computed.

28




Figure 1,--5ea8

Level Comprazssor Test Cell.

29



*SUBRIDG UOIIJOISIge~"Z B4nbiy

‘UBBUTS UO134018 P “UeIsE UB1340I8 1P UBBIDS U0 (1408 IP
S199i-4 [Rlauedsunad 1y (9} (e1pea-dil  (9) [eipra-gni (%)

-




*UOIIDDE 850470 unde=*f aunfiy

i

i

3
i Bty

SRR by W

Wi iavs ny M

SRR
MMQ.I. e

SR B S e Ry {
RS e

m Sepviy
w

Fineds

SABEARTNITE

FINEMR paoaaEy
Apsasnpien g

ey

(6 S EE - TER )
Ang el ARG PRy

w Faf paniing
WRRIM B RRERE
m Bpne RNy

Bhe

i O S




s
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Figure 8.--Instrumented Test Compressor.




{8} Temperature Rake. {b} Total Pressurs Rake.

Figure 9.--5tage Exit Temperature and Total Pressure Rakes.

Station number

e o

F-19137

Figure 10.-~Stator Channel Static Pressure Schematic.
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Figure 11.--Radial Rake and edge Probes.
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Figure 12,--High-Response Casing Pressure Transducer Locations,
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APPENDIX A

REDES IGNED ROTOR FOR TRANSONIC FAN STAGE

The original design deta:led in ref. | exhitited an aerodynamic instability
phenomenon (flutter), which resulted in high cycle fatigue failure of the mid-
span dampers during initial testing to 110 percent of design speed. The flutter
phenomenon was concluded to be a couplad bending-torsion mode instability.

The performance data obtained at des ign speed from this test were encouraging,
and it was felt that modifications to the midspan dampers (thickness, contact
angle, and contact surface shape) would be sufficient to relieve the structural
problem. However, to further ensure structyral integrity of the redesigned

rotor without sacrificing the original aerocdynamic features, the torsional
flutter parameter was increased by thickening blade sections immediately adjacent
to the damper.

Aerodynamic

The redesign of the rotor fcilowed the procedures detailed in ref. 1,
which consist of sequential running of the axisymmetric stream filament com-
puter program for veiocity diagrams the blade design calculation program for
blade sections on conical surfaces, and the blade stacking program for defini-
tion of sections .n cylindrical surface tangent planes. The original stage
design objectives were retained.

Overali total pressurg ratio 1.5

Flow per unit annulus area L2 lb/sec-ft2 (205.1 kgm/sac-mz)
Equivalent total flow 148 Ib/sec (67.1 kgm/sec)
Equivalent tip speed 1600 ft/sec (488.6 m/sec)
Equivalent speed 12 781 rpm (1338.4 rad/sec)
Adiabatic efficiency 86 percent

Also retained from the original design were the flow path, streamline work and
loss distributions, numbar blades, and apprcoximately the same solidity dis-
tributicn and aspect ratio. The redesigr was initiated by revising the axisym-
metric stream filament computer program to reflect the lade thickness distri-
bution of fig. A-1 as dictated by mechanical design requirements. The resulting
velocities and angles at the blade inlet and outlet ara shown in table A-1 as a
function of streamline number. The incidence angle rules used for the original
desian were maintained for the sup rsonic and transonic region of the redesigned
blade. The incidence angles of the subsoric {inboard) sections of the original
bl~de were thought to be low, however, and were increused for the redesign.

The deviation rules applied to the redes:gned blade were the same as those used
for the original blade. The resulting incidence angles, deviation angles, and
Carter's rule additive are tabulated in table A-1.
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The blade design program does not provide a precise quantitive definition
of the input changes required to generate a blade of the desired thickness.
The effective, available methods of implementing thickness changes required
an increase in both the leading and trailing edge radii as shown in fig. A-2,
coupled with an increase in trailing edge shock strength via the specification
of an increase in D-shock (the trailing edge shock strength minus the leading
edge shock strength) as shown in fig. A-3. The resulting conical developments
for typical streamlines 1, 3, 5, 7, and 12 are shown in fig. A-4. Streamline 5
is the closest streamline to the midspan damper and is where the greatest
increase in thickness from the original design was required.

The 12 conical blade sections resulting from the blade design program
were then used to establish the 14 manufacturing section coordinates as
described in the paragraphs that follow.

Mechanical

A geometric summary of the redesigned rotor blade is presented in table
A-2. The rotor airfoil coordinates of the resulting 14 rotor blade sections
incorporating both axial and tangential tilt and allowance for blade untwist
are presented in table A-3. The coordinates are plane blade sections defined
by the intersection of the blade with pianes tangent to the cylindrical sur-
faces. A typical section is presented in fig. A-5. The materials seiected for
the critical components have not changed vrom the original design. The fan
blade and disc material is Ti=6A1-4V (AMS 4928), and the stator van. material
is 17-4 PH (AMS 5643).

The fan blade thickness was increased by approximately 45 percent at the
midspan damper to increase the blade natural frequency, thereby raisi-ng the
flutter parameter to & more stable regime. Both torsional flutter and coupled
flexural torsional flutter modes were examined. Fig. A-6 shows the torsional
flutter parameter (wyCt/V}) versus rotor speed for the original and redesigned
blade, where wyT is the torsional natural frequency, Ct is the blade tip chord
and v} is the relative fluid velocity at the blade tip. The redesigned blade
shows a 45 percent increase in the torsional flutter parameter over the origi-
nal. From an analysis of the data obtained with the original rotor blade, the
threshold of {lutter, as indicated in fig. A-6, was thought to occur at approxi-
mately 93 percent of design speed. At 110 percent of design speed, the rede-
signed blade has a 20 percent margin over the value of the flutter parameter at
which the original blade fluttered at 93 percent of design speed.

A flutter parameter for coupled flexural-torsional flutter, based on the
stabiiity criteria established in ref. 7 is shown in fig. A-7. Using the
theoretical approach outlined in Ref. 7, the stability boundary was located
based on the results of the original test. Fig. A-7 compares this coupled
flutter parameter (V§/Ct fg) (arbitrary scale) with the rotation-to-translation
ratio (37Cy/2hy) for both the original and redesigned blade, where fg is the
first flexure natural frequency of the blade, ht is the relative defiection
(translation) of the blade tip midchord point in the first flexural mode, and

¢t is the relative angular deflection of the blade tip in the first flexural
mode .

142



The recesigned blade is well within the stable region and should be
aeroelastically stable, with respect to this mode of flutter, over the operating
speed range,

The blade natural frequencies were calculated using a finite ele: 2nt pro-
gram in which the blade is modeled as a curved variable thickness plate. The
blade was assumed to be built-in (clamped at the root and supported in the
axial and tangential directions at the midspan damper. The damper is assumed
to be locked up at zero speed for nominal blade dimensions. The first three
natural frequencies are shown as a function of rotor speed on the excitation
diagram given in fig. A-8. No serious resonant conditions are shown in the
operating range.

The first three mode shapes at zero speed are shown in fig. A-9. The
location of the maximum vibratory stress in each mode, as well as the relative
values (in percent) of the vibratory stress at other critical points, also are
shown.

Fig. A-10 is a modified Goodman diagram showing the allowable vibratory
stress as a function of steady stress. The allowable vibratory stress is 50
percent of the 10/ cycle endurance strength. The airfoil mid-chord at the
midspan damper has been chosen as a critical point for vibratory stre;
allowablie vibratory stress at this location is 30 ksi (207 x 108 N/m?) at
design speed.

The airfoil was tilted 0.010 in./in. (cm/cm) in the tangential direction
and 0.0035 in./in. (cm/cm) in the axial direction to allow centrifugal loads to
counteract the aerodynamic loads. The airfoil suction and pressure surface
design speed stress distributions due to centrifugal, untwist, and aerodynamic
loads are shown in fig. A-11. The steady stresses at 110 percent speed will be
1.21 times those shown. Thus, the maximum equtvalent calculated airfoil stress
at 110 percent speed is 78.6 ksu (543 x 106 N/m2).

The airfoil will untwist due to both ce:t..rifugal and aerodynamic loads.
The untwist versus radius at the design point is shown in fig. A-12. The untwist
at the midspan damper is approximately 0.5 deg. The nominal midspan damper
blade-to-blade spacing will increase with speed and thercby allow the midspan
damper to untwist the 0.5 deg at design speed.

The midspan damper stress distribution is shown in fig. A-13. The rede-
signed damper has a smaller interface angle (15 deg) ard has no grind relief
notch, which was the origin of failure on the or glnal blade. The maximum
mudspan damper equivalent stress is 80 ksi (551 x 106 N/m2) and ns very localized.
This stress is slightly less than the allowable 82 ksi (566 x 106 N/m2).

The disc stresses with the redesigned blade are slightly higher than those
in the original design because of the small increase in blade weight. The disc
tangential and radial stresses at critical locations at 110 percent design speed
are listed on the next page.
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Calculated Stress Allowable Stress

Location Type of Stress  Ksi (N/m?) Ksi (N/m?)

Disc Avg. tangential 67.6 (465 x 10%)  67.5 (465 x 10°)
Bore Max. tangential 88.0 (607 x 10° 91.0 (926 x 10°)
Web Max. radial 30.0 {207 x 106) 85.5 (590 x 10%)

The bore and web stresses are within the allowables. The average tangential

stress is equal to the allowable, indica.ing the burst criteria nas 1ust been
met.

The minimum shedding speeds for the airfoil and dovatail were determinea
using 90 percent of the minimum natural ultimate stress at the maximum tempera-
ture conditions.

Blade cirfoil 18 090 rpm (1892 rad/sec)
Blade shank 21 900 rpm (2295 rad/sec)
Disc shank 17 800 rpm (1864 rad/sec)
Disc burst 17 600 rpm (1843 rad/sec)

The minimum burst and shedding speed is 17 600 rpm (1843.1 rad/sec),
which is 138 percent of the design speed.

The dovetail stresses in the blade and disc are slightly higher than those
of the original design because of the heavier airfoil and midspan damper on the
redesigned blade. The neck, tang, and combined stresses at !10 percent speed
are listed in table A-L4 along with the allowable stresses. Ali margins of
safety are positive. The combined fillet stress is a combination of tang bend-
ing and neck tension, excluding the stress concentration effects. The maximum
fillet stress, vhich determines the low-cycle fatigue life of the attachment,
includes the stress concentration faztor. All calculated stresses show a posi-
tive margin of safety.
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Figure A-1.--Rotor Blade Maximum Thickness Distribution.
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6 T T T T T T
D-shock = . E, shock strength minus
L.E. shock strength
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Figure A-3.--Rotor Blade Trailing-Edge Shock Strength Minus
Leading-Edge Shock Strength.
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Figure A-4,--Rotor Blade Conicel Development.
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Figure A-6.-~Fan Blade Torsional Flutter Parameter.
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l A Caiculated at 110% of design speed
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Figure A-7.--Fan Blade Coupled Flexural-Torsional Flutter Parameter.
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Fiqure A-8.--Fan Blade Excitation Diagram.
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5 (34.5 x 106)

[
% 5 (34.5 x 109) ¢ (3.5 x 106)
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Figure A-11,--Fan Blade Equivalent Steady Stress Distribution.
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APPENDIX b

SYMBOLS AND PERFORMANCE PARAMETER DEF!NITIONS

Symbols
AR aspect ratio
c chord, in. (cm)
,CT blade tip chord, in. (cm)
D diffusion factor

D-shock T.E. shock strength - L.E. shock strength, deg

D.1. distortion index, (PTmax - PTmin)/PTmax
fB first flexure natural frequency, Hz
hy relative deflection (translation) of the blade tip mid-chord pcint

in the first flexural mode

i incidence angle, angle between inlet air direction and line tangent
to blade or vane at leading edge, deg

M Mach number

N rotational speed, rpm (rad/sec)

P total pressure, psia (N/cmz)

P static pressure, psia (N/cm?)

r radius, in. (cm)

SL streamline number

SM stall margin, percent

T total teuperature, °R (°K)

t static temperature, R (%K)

tax blsde maximum thickness, in. (cm)
U rotor speed, ft/sec (m/sec)

v air velocity, ft/sec (m/sec)

V; relative fluid velocity at blade tip, ft/sec (m/sec)

175



v weight flow rate, lbm/sec (kg/sec)

X Carter's rule additive to deviation angle, deg

z axial distance, in. (cm)

- -'

8 air angle [cot -’Vm/Ve)], d

g metal angle on conical surface between tangent to mean camber line
and axial direction at leading and trailing edge, deg

BM staager or chord angle, angle between a chord line and « axial
direction (measured in a plane parallel to Z-axis), deg

AB camber or turning angle, deg

Y ratio of specific heats for air

6 ratio of mass avera?e |nlet total pressure to standard pressure
of 14.696 psia (10.133 N/cm?

§° deviatiun angle, angle between exit air direction and tangent to
blade mean camber line at traiiing edge, deg

| efficiency, percent

] ratio of inlet total temperature to standard temperature of 518.69°R
(288. 16°K)

8¢ circumferential distortion screen relative angle, deg

o solidity, ratio of chord to spacing

¢ angle between tangent to streamline projected on meridionai plane and
axial direction, deg

¢T relative angular defiection of blade tip in first flexural mode, rad

® total pressure loss coefficient

Wy blade tip torsional natural frequency, Hz

Superscripts:

' relative to moving blades

* designates blade metal angle

Subscripts:

ad adiabatic

id ideal



L.E.
max
MCL
min

poly

SS

T.E.

leading edge
meridional component
maximum

mean camber line
minimum

polytrepic

rad.al direction

suction surface

denotes stagnation conditions
trailing edge

axial direction

tangential component

inlet bellmouth screen plane
bellmouth instrumentation plane
rotor inlet instrumentation plane
rotor inlet traverse plane
rotor leading edge

rotor trailing edge

rotor exit traverse plane
stator leading edge

stator trailing edge

stage exit plane

Performance Parameter Definitions

incidence angle based on mean camber line

in=86 " Be* (rotor)
im - B0 - B0 (stator)
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60

€l

178

deviation

0 _nt _Qt

5 _38 BB* (rotor)
8% = 8y, - BY, (stator)

diffusion factor

'} V.o = .V
6986
D=1 - Vg . % 6+ - c%' ( rotor)
6 6 8 6
vV r..V -r,,v
11 10910 17911
D=1 - + (stator)
Vig (rig*rid oV
loss coefficient
t - )
—_ ‘(Ps)id P8
o = Pé e (rotor)
2 2] Y/(Y"')
- 1{ Vs "6
where (P') = P} + - I -t—
8/ 14 6 2 a2 rg
ol
and ag) = upstream total acoustic velocity
Pio-P
- 10
w = FTO——-—p:—;- (stator)
loss parameter
W cos B3
— " rotor)
® cos 81,
% (stator)



polytropic efficiency

P
L'. In _6.
Y Pé
npoly T8
In T
-3
S ]
Pio
Mooty = By
In ———
Yo
P
rol ,,,[_z]

ﬂpo\y =
ln

adiabatic efficiency

pid]
Y
8

R
had %
|

ak‘

(rotor)

(stator)

(stage)

( rotor)

(stage)
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SM

180

stall margin

P
12 W '
Ps 5
SM = W at FT;— - 1§ x 100%
5 fstall o at reference
5 / point N/N@ = constant

For absolute values of stall margin, the reference point at any speed
and inlet flow zondition (whether uniform or distorted) is defined as
the intersection of a particular speed line with the constant throttle
line passing through design pressure ratio at design speed obtained

with urjform inlet flow.



REFERENCES

1. Wright, L. C.; Vitale, N. G., Ware, T. C.; and Erwin, J. R.: High-Tip-
Speed, Low-Loading Transonic Fan Stage (Part |-Aerodynamic and Mechanical
Design). NASA CR-121095, AiResearch 72-8421, April 1973.

2, Bailey, E. E.: Preliminary Performance of a Low Loading High Tip $pzed
Fan Stage. NASA TMX-68027, March 1972.

3. Erwin, J. R., and Vitale, N. G., Rotor Design of a High-Tip-Speed Low-
Loading Transonic Fan. AIAA Paper No. 72-83, January 1972.

4, Ware, T. C.; Kobayashi, R. J.; and Jackson, R. J.: High-Tip-Speed, Low-
Loading Transonic Fan Stage (Part 2-Data Compilation). NASA CR-121262,
AiResearch 73-348/, Feburary 1974.

5. Wuerker, R. F.; Kobayashi, R. J.; Heflinger, L. 0.; and Ware, T. C.:
Application of Holography tr Flow Visualization within Rotating Compressor
blade Row, Final Report. NASA CR-121264, AiResearch 73-9489, February 1974.

6. ASME Research Committee of Fluid Meters: Fluid Meters - Their Theory and
Application. Fifth Edition, American Society of Mecnanical Engineers,
New York, N.Y., 1959, p. 47.

7. Carta, F. 0.: Coupled Blade-Disk-Shroud Flutter Instabilities in Turbojet
Engine Rotors. ASME Paper No. 66-WA/GT-6, December 1966,

181



