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FOREWORD

This report describes the experimental investigation
of a transonic axial-flow compressor inlet stage. The
work was performed in the Turbine Engine Division of the
Alr Force Aero-Propulsion Laboratory, Air Force Systems
Command, Wright-Patterson AFB, Ohio. It was accomplished
under Project 7065, Task 13, Work Unit 27. The effort
was conducted by Dr. Arthur J. Wennerstrom, Dr. C. Herbert
Law, and 1 Lt, William A, Buzzell of AFAPL/TBC, and
Mr. Robert D. DeRose of Systems Research Laboratories, Inc.,
Dayton, Ohio, during the period October 1975 to March 1976.
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SECTION I
INTRODUCTION

This report presents the results of an experimental
evaluation of the single-stage axlal compressor described in
detail in Reference 1. Performance objectives for the
experimental stage were:

Flow per Frontal Area: 39.7 lb/sec/ft?

Rotor Tip Speed: 1500 ft/sec (standard conditions)
Rotor Total Pressure Ratlo: 1.966

Stage Total Pressure Ratio: 1.912

Rotor Isentropic Efficiency: 86.9%

Stage Isentropic Efficiency: 83.0%

The performance goals of this stage were based on a prelimi-
nary design study of a multi-stage compressor for an advanced
turbojet engine. 3Since the most serious aerodynamic design
problems of the overall compressor were observed %o be
assocliated with the first stage, 1t was chosen as the subject
of an experimental research program,

The results of the tests, reported herein, indicate that
all of the rotor and stage design goals were achlieved or
exceeded., Part-speed rotor and stage isentropic efficlency,
especlally between 75 to 95% design speed, was exceptional
for the test stage.

The second section of this report describes the test
facility flow path, the compresgsor test vehlcle, and the
complete Instrumentation system, including both compressor
and facility instrumentation. The procedures used in taking
test data and a desg¢ription of the complete data analysis
‘program are detalled in Section III. The results of the
test, including design point comparisons, are given in
Section IV, Section V, the last section, summarizes the
conclusions drawn from the data. Appendix A includes the
cemplete computer listing of the aerodynamic thru~blade
analysis for the test point which most closely matched
denign point conditions. Appendix B contains the input data.
used in the across-blade aerodynamic analysis for each data
point recorded during the test,.

Appendiz ) provides sufficient data such that any _
reader wishing to process any data point not fuZZy presentad
in the report, or wishing to process any data point
differently, can, with the aid of Feference 6, conpletely
reprocess the data or adapt the data to his own data
reduction scheme.
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SECTION 11
TEST APPARATUS

1. FACILITY FLOW PATH

The test faclility used is of the open-loop variety.
It 1s shown schematically in Figure 1. Air enters the facll-
1ty through a filter designed to remove five micron particles
with a 99.5 percent efficlency. The alr then passed through
a 30-inch duct to a Universal Venturl Tube located about
six pipe diameters downstream. Two pipe diameters further
downstream, the air is turned 90 degrees with the aid of
turning vanes. Screens are installed perpendicular to the
pipe axis just before the elbow, and in the tralling edge
plane of the turning vanes to prevent feedback related to
flow separation on the turning vanes from reaching the venturi,
Following the elbow, the flow passes through a tube bundle
and subsequently enters a 48-inch diameter settling chamber.
The settling chamber contains a perforated conical flow
spreader and two screens patterned after the model inves-
tigated in Reference 2. From the settling chamber, alr
enters the compressor through a direct-coupled bellmouth,
Air leaving the compressor is deflected radially outward to
a peripheral throttle. The throttle consists of one stationary
and one rotating cylindrical ring, each with 16 circumferen-
tially distributed matching holes, Throttling takes place
at a diameter of approximately U7 inches. The throttle is
designed to vary from fully open to fully closed in 200 equal
~area increments., Downstream of the throttle, the flow enters
a collector, from which it 1s passed through a 24-inch
diameter duct to a silencer, and back to the atmosphere, A
fast-acting poppet type valve, bypassing the throttle valve,
provides a 20% increase in total throttle area to relieve
compressor surge conditions on manual command. - A cutaway
drawing is shown in Figure 2, The perforated plate indicated
Just upstream of the tube bundle in Figure 1 was removed
for this test to decrease the pressure drop through the
facility. : -

2. COMPRESSOR TEST VEHICLE

A cross-section of the research compressor is shown in
‘Figure 3. The design employs a cantilevered rotor supported
by four 0.5 inch thick bearing support struts with leading
edges located about two stator chord lengths downstream of
the stator tralling edge plane. The rotor tip diameter is
nominally 17 inches. 01l seals are controlled gap carbon
seals with an air barrier. No oil leakage into the flow
path has ever been experlenced. Cold rotor radial tip clear-
ance with the rotor at rest is 0,024 to 0.026 inches. Hot
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clearance at design speed is predicted to be approximately
0.012 inches or about 0.3 percent of the rotor tip chord.
The rotor shaft 1s mounted on ball bearings. Radial runout
does not exceed 0,0005 inches, This configuration uses

no inlet guide vanes., Surface finish on all surfaces
adjacent to the flow upstream of the bearing support struts
is 32 microinches or better. An abradable coating has

been employed iIn the casing adjacent to the rotor tilps.
Barely visible rubs were experienced; these occurred at
design speed in stall. The rotor is of integral construc-
tion, the blades and disc being machined from a single
forging of 6A1-4V titanium. The stator blades are individ-
ually inserted but are machined integrally from 303
stalnless steel with platforms at hub and tip. The gap
between adjacent platforms lies 1n the range of 0 to

0.002 inches, A photograph of the rotor i1s shown in

Figure 5 and of the stator assembly in Figure 6. The
assembled stage is shown in Figure 7.

3. COMPRESSOR INSTRUMENTATION

Aerodynamic instrumentation in the compressor consists
of measurlng probes in the stator leading edges for total
pressure and temperature, rakes downstream of the stators
for total pressure, temperature and flow angle (circumferen-
tial), static pressure taps on the inner and outer flow
paths and on the surfaces of one pair of stator blades,
dynamic pressure measurements along the casing wall over
the rotor tip, and dynamic strain gage measurements at
several points on the rotor blades. Measurements of Inlet
total pressure and temperature, mass flow, relative
humidity, and rotor speed are accomplished cutside the
compressor and are discussed in paragraph 4 of this
section, The compressor research vehlcle has a total of
171 sensors measuring aerodynamic parameters at various
points throughout the stage. Refer to Figures 3 and 4
and Table 1 for specific locations., Some of the static
presgures are sensed at more than one polnt and are

"manifolded to become, in each case, a single measurement.
Figure 8 shows the vehicle 1nstrumentation bulkhead.

a. Temperature Measurements
- 1. - Loncation

» A total of fifty-one thermocouples are used to -
sense aerodynamic temperature within the compressor., Nine
are mounted in the vane leading edges and forty-two are

“located In six discharge-plane rakes. The vane leadine
edge and rake mounted thermocouples are of the slot vented
type shown in Figure 9. A detalled analysis of the
features of the slot vented design, along with recovery
factor characteristics, way be found in Reference 3.




, The discharge-plane rakes each have seven sensors, equally
spaced radially, while rake circumferential spacing is
2,167 vimes the angular spacing between vane trailing edges.
The nine stator leading edge thermocouple probes are
distributed on two vanes; one having four sensors and the
other having five. The sensors are uniformly spaced
radially and aligned with the anticipated pitch angle of
the flow. The locations of the vane leadling edge probes
and the discharge rakes are shown in Figures 3 and 4,
listed in Table 1, and shown assembled in Figures 6 and 7.

2. Calibration

All thermocouples were fabricated from insulated,
single rolls of Chromel-Constantan or Chromel-Alumel wire.
The thermocouple type listed in Table I distinguishes which
type was used for each measurement; "1" for Chromel-
Constantan and "2" for Chromel-Alumel. Thermocouples made
from samples of each roll of thermocouple wire were calibrated
against a Model 162 platinum resistance bulb primary standard
manufactured by Rosemount Engineering Company. A constant
temperature oil bath, made by Lauda Division of Brinkman
Instruments, Inc., was used as the heat medium, The bath was
set at four different temperatures within the range of
interest. The results, indicated in Table 2, show a worst
case error of plus or minus 0.5°F at the highest temperature.

With the thermocouples calibrated as indicated,
the entire electronic system employed to record temperature
data was examined. The results are shown in Table 3, Taking
the worst case error, at the highest temperature, for both
the thermocouples and reéadout system ylelds a maximum
error of plus gr minus 0.9°F, The more reallstic RSS error
goes from 0,23 F at 150 degrees to 0,65°F at 350 degrees,
Finally, when recovery factor variation }s added, the RSS
error at 350"F becomes plus or minus 1,0°F. Flgure 10
depicts the equipment used in the callbrations. - i

In addition to initially calibrating the
thermocouples and temperature recording electronics, cali-
bration temperatures are monitored during each test to
account for electronic drifting or component failure. Four
calibration temperatures are gensed twice with each. thermo-
couple type on every data scan, The callbration temperatures
are nominally 32°F, 150°F, 300°F, and 4%509F, which are sup~.
plied by a Model CSD-063 Temperature Calibration System
manufactured by Hy-Cal Engineering. The calibration tempera-
tures were also calibrated against the Rosemount Engineering -
Company Model 162 platinum resistance bhulb grimary standard
and were found to be within plus or minus 2°F of the nomlnal
temperature, but did ngt vary with time by more than plus
or minus 0.1°F per 100Y, Values for the calibration
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temperatures used were the callbration values rather than
the nominal values. The Temperature Calibration System is
located adjacert to the test facility and thermocouple

wires and connectors of the same type and length are used

to measure both the calibration temperatures and the
facility parameters. During data reduction, the calibration
data are used to construct a potential difference (NBS
potential minus observed potential at the calibration
temperatures) verses observed potential curve. The raw

data 1s then converted into englneering units by utilizing
the calibration curve to establish a corrected value of

the potential with which to enter the NBS reference tables
All thermocouples were referenced to 32°F using two Model
K170 Ice Point References manufactured by Kaye Instruments,
Inc. The accuracy of the reference temperature is not
significantly important as long as the reference temperature
is stable during a data scan.

b. Pressure Measurements
1. Location

Forty=four static and fifty-one total pressures
are measured in the vehicle flowpath., Sixteen of the
static taps are distributed at varicus points on the
compressor flowpath liners. In particular, ten of these are
located over the rotor tilp, starting at 0.25 inch axially
forward of the leading edge and following at 0.25 axial
increments downstream. A further ten statlc pressures are
measured approximately mid-span radially on two adjacent
vanes with seven suctlion side pressure tips on one vane
and three pressure side taps on the other vane.

Nine total pressure probes are mounted on the
leading edge of two stators, four probes on one vane and

. five on the other vane, equally spaced radially, These

probes are of the Kiel stagnation tube design shown in

~ Flgure 11. Six pressure rakes are circumferentially spaced

at 2.167 times the angular spacing between stator vane
trailing edges, dividing the discharge annulus into six
equal circumferential increments, Each rake contains seven
radially distributed stagnation tubes with the second,
fourth, and sixth element consisting of cobra~type '

directional probes. A tyﬁical rake configuration is shown -

in Figure 12, Reference 4 describes the cobra-type '
probe design and the calibrations of the specific probes in
use, The cobra probes on each rake are individually
calibrated versus yaw angle from plus ten degrees to minus -

ten degrees and checked over a Mach number range. from 0,41 to
0.81., No dependence on Mach number was observed and a first

degree polynominal least squares >urve fit calihrat on was
established for each cobra probe.
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Located in conjunctlion with the statile
pressure taps placed over the rotor blade tips are ten
Kulite Model Number XTS-1-190-200 dynamic pressure
transducers. These transducers are recessed slightly in
the abradable coating on the casing adjacent to the rotor
tip to prevent damage by a minor rotor rub. The reference
side of each transducer is connected to the corresponding
static pressure tap at the same axial location.

2. Calibration

Six Kulite strain gage type transducers are
used to convert the various pressures into electrical
signals for processing through readout and-recording. One
transducer_1s located in each of six, forty-eight port
Scanivalvel sequential pressure switching devices. The
pressures to be sampled are connected to odd numbered ports
while moderate vacuum is applied to all even numbered
(roughing) ports to minimize hysteresis effects.

Four calibration pressures are sensed by all
six Scanivalves on every scan., These are 5 PSIA, 15 PSIA,
15 PSIG, and 30 PSIG. The callbratlion pressures are
supplied by Ametek Model PK~30 self-regulating, primary
deadweight type, pressure standards., The 5 PSIA and 15
PSIA pressure standards are enclosed in sealed containers
which are kept at 300 to 400 microns Hg absolute pressure
and are corrected for this non-zero level. Barometrilc
pressure is measured via two ports located on the instrument
bulkhead. These ports are scanned twice for each data point.
The value of barometric pressure is then obtalned using
the scanned values and a calibration curve established by
the 5 PSIA and 15 PSIA calibration pressures., This
barometric pressure value is used to correct the 15 PSIG
and 30 PSIG calibration pressures to absolute values,
These values are then used to complete the pressure calibra-
tion curve from 15 PSIA to 30 PSIG. The recorded outputs for
the four calibration pressures are used to create a new
calibration curve for each transducer for every data scan.

¢.. Readout Electronies

Data are collected and recorded through use of a
Hewlett Packard 2012B Data Acquisition System (DAS)., 'This
system is comprised of a 2911 guarded crossbar scanner,
25474 coupler, 2802 integrating digital voltmeter, 50508
digital recorder, and a Kennedy 1506 incremental tape
recorder. : o

- 1gcanivalve 1s a trademark of Scanivalve, Inc.
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As previously stated, pressure measurements are routed
through six Scanivalve units using XKulite transducers for
conversion into electronic signals. A "Scanivalve" offers
the advantage of using the same transducer to measure many
pressures and lends itself to on-line calibration as
described above. An interface unit was buillt to progranm
the scanivalves, along with other parameters, into the
HP DAS in a manner which minimizes scanning time without
compromising transducer settling time. Instead of sampling
the same port on all valves sequentially before stepping to
the next port, the digital interface causes each valve to
move incrementally through its next roughing port to its
next data point immediately after being interrcgated.

Each transducer then has an opportunity to settle out at

its next test pressure while four others are sequentially
interrogated. Thils sequence is repeated until all ports

are sampled. Approximately ten seconds lapse for the entire
pracedure. :

4, TEST FACILITY INSTRUMENTATION
a. Rotor Speed

A Bentley Model 306 transducer senses six grooves
machined into the gearbox/rotor driveshaft coupling. The
output is fed into a Model 3115 proximitor for signal
conditioning. The proximitor signal is a train of pulses
having a repetition rate corresponding to rotor REM/.0,

This repetition rate is directly recorded by the HP DAS,
A Bentley Model 3050 tachometer provides a visual indication -
of rotor speed accurate to ten RPM. The tachometer alsc

- Includes an adjustable speed limiting awitch a3 a safety

feature,
b. Mass Flow

The inlet flow is metered through a 30-inch
Universal Venturi Tube manufactured by B.I.F. Industries
with a 17.400-inch throat. Meter accuracy has been
calibrated to plus or minus one-half percent by the
manufacturer. 3Static pressure taps are located both 1in the

_throat and 1in the inlet cavity..

¢.  Inlet (Plenum) Total Pressure and Temperature

Compressor inlet total pressure is assumed equal to
plenum static pressure just downstream of the last screen.
Four static taps are manifolded into one pressure source.
and recorded on two separate Scanivalves. At maximum
flow rate, the erraor 1s no worse than 0.003 PS{, verificed
by calibration. Inlet total tem ‘rature is sensed by four
bare Junction thermocouples located in the same axlal plane
as the pressure taps at two different radil in the plenum.

B




The thermocouples are supported on two cables stretched
across the inlet plenum.

d. Analog Compressor Mapping

An on-line plot of stage pressure ratio verses
pseudo mass flow is effected through use of a Mosely Model
2FRA X-Y plotter, Teledyne pressure transducers are used
to sense stage inlet P01, stage exit PO3 from a mid-
radius stagnation tube and casing Pl (measured 1.0 inch
upstream of the rotor). Operational amplifiers are used to
ratio exit PO3 to 1inlet POl and also to ratio casing Pl
to inlet POl. Stage pressure ratio (P03/P0l) is used to
excite the Y-axis while the pseudo mass flow (1-(P1/P01))
is sent to the X-axis. The approximate compressor map so
obtained is used to select a reasonable distribytion of
throttle settings at which to record detailed data.

e. Relative Humidity

A Foxboro Dewcel Mcdel 2711TG-K222 was mounted in
the inlet stack to monitor humidity. This device continuously
measures the wolsture content of the air by sensing the
temperature at which the partial pressure of its water
vapor is equal to the water vapor pressure of a saturated
salt solution. The humldity information is acquired by the
DAS as a thermecouple reading on every test run and subse-
quently treated in the Phase 1 data reduction program.

f. Strain Gage Telemetry System

To insure a c¢lean, unobstricted inlet, a Telemetry
System was used to convey strain gage data from the rotor in
lieu of a slip ring., Installation ol the rotating comvenents
was made in the pearbox=to-gompressor drivesha?t.v The -size
of thiz shaft limited the system to Five»@vailable channels.
Pilgure 13 shows the Telemetyy carrier ubea along side the-
two shafts in which they were desigred to fit., Filgure 14
shows the rotor downstream face with the female straln page
: connector located at the center. The corresponding male
} . half {8 shown in Flgure 15, A connector at this interface
S was installed to permit removal of the rotop without '
disturbling page leads. The Telemetey modules and F,HN,
receiver were manufactured by Acurex.

Three strain gages were applied to each of four dirferant

- blades at locatlions previously determined during shake

table testa. The redundant jgages were applied to insure

survival of a sufficient number to complete testing. If

required, page leads could have been changed at patches

provided for that purpose, located at the rotor hub 0.D,

However, the five gapges oripginally connected remained

operative during the entire testing sequence thereby

negatinm the need to make any uh&ngea. ,

9
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Great care was taken during gage application tc
insure minimum effect on the airstream, The maximum
height of the gages & lead out cross section was held to
10 mils, with the edge feathered over a large area.
EpoxyLite 5403 Adhesive and fine silk cloth were used to
provide the required fillet. Figure 16 shows a typical
gage application.

- 10
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SECTICN 1i1
TEST PROCEDUre AND DATA REDUCTION

1. TEST PROCEDURE

Test data were taken generally in order of increasing
speed, with several different compiessor throttle settings
being probed at each speed. The on-line analog plot of
stage pressure ratio versus pseudo mass flow was used to
select the test points.

For each sreedlinc, test data were first acquired at an
open throttle, open surge valve condition. The .second data
point was obtained with an open throttle, closed surge -
valve condition. Although the open surge valve produced a
slight asymmetry in throttling, the increased mass flow this
permitted expanuied the operating range which could be mapped
to a useful d~gree. After the second datd point was acquired,
the compressors was gradually throttled to induce stall.

After recovery, several throttle settings In the operating

range wei . selected to complete the mapping of the speedline.
One or muire of three sources were used to indicate stall:

The outputs of the dynamic pressure transducers located over

the rctor tip, a microphone located in the plenum, and the
ouvputs or the strain gages located on the rotor blades., The
stall con®ition was relieved immediately by openinv the pneumat-
ically actuated surge valve.

Test data were acquired at the rate of about one speedline
per hour, Some test points were repeated on different days to
assure data integrity by comparison to previously acqulred
data. Exceptlons to the test .rocedure described above
were required for the 90%, 95%, and 100% speedlines, The.
elevated power requirements for the drive motor at these
gpeeds caused the motor windings to overheat, limiting the
operating time to eight to ten minutes on any given attempt.
The speed then had to be reduced for several minutes to allow
the windings to cool,

Prior to each tes., baromeiric pressure and vacuum
reference pressure were recorded to check the calibration
pressures. The rig was lnitially brought up to speed and then
monitored for about ten minutes, to permit equilibrium to be
reached, A five minute dwell at each throttle setting was
observed prior to data acquisition., 7Two complete data scans
were acquired at each test point.

A 12-character test ldentification number was manually

assigned tu each test point (consisting of two data scans)
and acquired by the DAS as the first item of data:

11




I

3
oL
E.

i

-
-

R |

T e s

AP

CHARACTER DATA
1 Last digit of year (0-9)
2-3 Numerical month (1-12)
b5 Numerical day of month (1=-31)
6-17 Test number on that day (1-99)
8-10 Throttle setting (0-200)
11-12 Percent speed (0-00 = 100%)

-

Juring each data scan, a “otal of 470 data items were recorded;
the channel number as the first item followed by its
recorded voltage as the second item.

2 DATA REDUCTION - PHASE I

Phase I reduction of the test data was accomplished using
the computer program described in Reference 5. This computer
program converts the raw data into enginesring units, groups
and displays the acquired data in a readable format, provides
an initial analysis of compressor stage perfcrmancn, and
prepares a data deck for the Phase II aerodynamic analysis.
The data 1is checked against specified tolerance for accuracy
and obvious error: and transducer calibrations are compared
with manufacturer's specifications. PFurther data reduction is
terminated if erroneous or inconsistent data is recorded.

The user has the ablllity to edit recorded data if required.

In cases where multiple d:ita scans are recorded at the
same test point, the user has the option for the Phase II
aerodynam!c analysis of having one data deck prepared for each
data scan, or having an "aversge" data deck prepared, averaging
the results of all scans at that test point. The averaging
opfion was employed with two scans per test point. The
following options of the Phase 1 data reduction program were

alse uszq:

a. Temperature effects were consldered in- calculating '
gas properties,
b. YThermocouple calibration data was available and

this data was utilized in the conversion of the
thermocouple outputa. _

¢. The program automatically corrects all results to
standard sea-level conditions.

N

Printed outputs were generated for each data scan and the
two scans at each test point were manually compared to check

for any errors or instablility.
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3. DATA REDUCTION -~ PHASE II
a. Basic Program Description

Phase II reduction of the test data was performed
using the computer program described in Reference 6. This
computer program provides a detailled aerodynamic analysis
of the test compressor stage, utilizing the geometry of the
stage and the Phase I output data deck as inputs. Analysis
of each test point 1s performed individually, although any
number of test points may be analyzed in one computer run.

The system of equations incorporated into the
Phase II computer program includes a full treatment of the
axisymmetric equations of motion of an inviseid fluid,
including blade-force terms, and the assumption of a thermally-
perfect gas as the working fluld. The equations are solved
in finite difference form by the streamline curvature
method. Wake and boundary layer blockages and flow deviation
within blade rows are either calculated or input as a user
option in the computer progranm..

Output from the program includes printed details of
the flow field at each computing station, performance details
for the blade-sections, calculated blockages, and, optionally,
CALCOMP plots of blade performance parameters and the stage
static pressure distribution.

b, Across-Blade Analysis

Phase II Across-Blade analysis was performed for each
test point on all speedlines, The computing station axial
distribution for the Across-Blade analysis is shown in Figure 17
(1t should be noted in the figure that the computing stations
need not be radial and can be input as curvilinear; l.e., to
follow blade edges). Wake and boundary layer blockages were
iteratively determined by the program at stations 7, 8, 11,
12, 13 where experimental casing static pressures could be
matched by the calculated values, At stations 9 and 10 where
no experimental casing statlc pressures were measured,
blockage values were linearly interpolated between the values
calculated at stations 8 and 11.

¢. Thru-~Blade Analysis

To obtaln a more detailed plcture of the flow within
the compressor rotor, the test poinu closest to design point
v © chosen for Thru-Blade analysis. The more detailed analysis
invalved the introduction of four additional computing stations
witiiin the rotor. The location of the addivional computing
- stations is shown in Figure 17.
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Initial data input for deviation and blockage was based
on design values and distributions. Due to the difficulty of
obtaining a converged thru-blade solution at design flow,
input deviation values were frozen at all internal stations.
In addition, blockage values at statlions 7 and 8 were also
held to 1nitial input values. This required some manual
iteration of values between computer runs.

Convergence of the final solution was based on the
following criteria:

1. The desired flow was passed through the stage.

2. Experimental casing static pressure values
were matched within set tolerance limits.

3. Reasonable axial distributions of blockage
and deviation were achieved.
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SECTION 1V
RESULTS

1. OVER—ALL PERFORMANCE

The mass-averaged performance of the rotor and of the
complete compressor stage is tabulated in Table 4 and plotted
in Figures 18 and 19. The performance indicates that all of
the rotor and stage design goals were achieved. At 100
percent design corrected speed, corrected flow was approxi-
mately .5 1b./sec. higher than design, rotor efficiency
was 3.5 points higher at a value of 90.4 percent, stage
efficiency was 5.2 points higher at a value of 88.2 percent,
rotor total pressure ratio was 6.8 percent higher at a
value of 2,100, and stage total pressure ratio was 8.0
percent higher at a value of 2.065. The compressor was
throttled to stall at each corrected speed shown on the map,
with the exception of 75, 80, 85 and 100% speeds, A
region of aerodynamic instability was encountered near stall
at the 75, 80 and 85% speeds. At 100% speed, a slight casing
rub near stall prevented data from being taken., For the
other speeds the data point nearest stall was taken at a
throttle opening approximately 0.5 percent further open
than the setting which precipitated stall. This change in
throttle area is equivalent to about 0.49 percent of the
annulus area at the rotor inlet.

2 BLADE~-ELEMENT PERFORMANCE (ACROSS BLADE)

The radlal distributions of relative inlet Mach
number, incidence angle, 1288 coefficient, diffusion
factor, and deviatlon angle for both rotor and stator are
presented in Figures 20 through 119, using Tables 5 through 14,
for each data point shown on the compressor map. One set of
these flve radial distributions 1is presented for each blade
row at each corrected speed. 1In each of these sets, the
distributions for all throtile settings are superimposed on
each respective plot. This data, also used for the compressor
map, was reduced with computing stations only at blade-row
edges and in free spaces as described in Section III-3b,
There were no computing stations internal to blade rows,

It should be noted in the plots of radial distribution
of rotor incidence that there is a notable fluctuation in
incidence at all speeds between approximately 5.5 and 6.5
inches radial dintance. This perturbation in incidence
was caused by an input error in the final rotor blade
design computer run. Specifically, at computing station 1
of the Streamsurface Gecmetry Speclfication input, the
radiil at streamlines 11 and 12 were reversed. Since
computing station 1 1s located upstream of the rotor leading
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edge (computing station 2), streamlines 11 and 12 crossed at
the rotor leading edge. This ul?imately affected the final
blade shape in that region of the rotor.

€ N st AR A R TSR Y

3. DESIGN SPEED DETAILED RESULTS

PRy QTL T AR

The data point at 100% corrected speed closest to
design flow and maximum efficiency was selected for
Phase ITI Thru-Blade analysis, The ldentification number for
this data point is 602200201900, Details of the thru-blade
analysis technique are glven in Section III-3c.

g b oyt

R T

During the analysis procedure it was determined that
several of the Phase II program calculation options could be
varied and a converged solutlion could be obtained according
to the criteria in Section III-3c for these different sets
of input options., Specifically, two input options were
varied, PFirst, the rotor outlet total pressure can be
obtained either from instrumentation readings located at
the stator leading edge (option Py = 0) or from instrumen-
tation rakes located in the stage discharge plane (option
P, = 1). The stator leading edge option uses mean total
pressure readings while the stage rake plane option
utilizes peak total pressure readings. The second program
option concerns the blockage distribution factor input for
the rotor trailing edge. This distribution factor (BDIST)
varies the value of blockage at a computing statlon linearly
from hub to tip by the following ratio:

HUB BLOCKAGE
BDIST =

MIDRADIUS BLOCKAGE

Two values were used in the analysis: BDIST = 1.0 and 1,37.
To summarize, the following list describes the input values
varied for the four different thru-blade analysis cases for
test point 602200201900:

Case 1t P, = 0, BDIST = 1,37

Case 2¢ Po = 1, BDIST = 1,0

Case 3: Py = 1, BDIST = 1,37
Case 4: P, = 0, BDIST = 1.0

The results of the four cases indicated two major trends.
First, varying the Py option and holding the BDIST optlon
fixed Influenced the radlal distribution of rotor and stator
losses, rotor deviatlion and stator incidence, Second,
holding the Pg option fixed and varying the BDIST option
affected the level of rotor hub trailing edge deviation and
the axial variation of stage mld-span blockage.

Of the four cases analyzed, Cases 1 and 2 provided the
" closest experimental casing statlic pressure match and are

GE7 Aty s srms e s
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presented In detall. The detalled aerodynam’c results for
Case 1 and 2 are described separately in computer printouts
listed in Appendix A. Comparison plots of the radial
distribution of the same rive parameters “or rotor and stator
described in the across~blade results are shown in Figures
120 through 129, using the symbcls listed in Table 15, The
axial static pressure distribution for each case is shown
in Figures 130 and 131. A comparison of the effects of

the analysis program options on the axial distribution of
rotor deviation and stage blockage 1is shown 1n Figures 132
through 134, respectively.

In addition to the case 1 and 2 comparison results,
other plots for test pt 602200201900 are shown in Figures
135 through 140. These include a plot of stator mid-span
static pressure, compressor hub and tip geometry and
veloclty diagram plots, and stage exit contour plots for
total pressure, flow rate parameter and total temperature,

b, DESIGN POINT COMPARISON RESULTS

To obtain a comparison between design and experimental
data, results from the Case 2 100% speed data point
(I.D. 602200201900) were compared with the design prediction
values and are shown in Figures 141 through 150, using the
symbols listed in Table 16. These plots show the same
radial dsitributions for rotor and stator as described In
the previous section. Also included in these plots are
the across blade results for test point 602200201900,

e ROTOR TIP DYNAMIC PRESSURE MEASUREMENTS

Only a fraction of this data has been processed to-date
and, consequently, only a few general observations concerning
the dynamic pressure measurements wlll be made in thls report.
_Principal attention was focused on design speed behavior at
three throttle settings. These settings were 00 (choked
conditions), 19 (stage peak efficlency) and 31 (near stall).
At throttle setting 00, the passage shock appears to depart
from the leading-edge pressure surface obliquely, merging
to a normal shock about half way across the passage. At
throttle setting 19, the passage shocks appear to have .
nearly merged into a single normal shock., At throttle
setting 31, the passage shock has been disgorged and is
standing ahead of the leading edge, as would be expected,

It 1s interesting to note that throttle setting 00 1s :
closest to the design back pressure level and expected
shock pattern, but the nearly normal shock corresponding to
throttle setting 19 produced minimum losses.
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SECTION V
CONCLUSIONS

The extremely high efficiency achleved by this compressor
stage has resulted in much effort belng expended in attempts
to identify preclsely which features of the design are most
significant. Definitive conclusions of this sort have not
been possible, However, certain features of the design do
appear to have contributed.,

The first principal conclusion drawn is that the
method of airfoil optimization chosen, which was applied
uniformly to both blade rows, appears broadly successful, To
refresh the readers memory, as described in Reference 1, the
work distribution in the rotor, and angular momentum
dlstribution in the stator, were adjusted to achleve a
minimum (circumferential average) static pressure gradient,.
modified only by a concession made to the Kutta condition
near the tralling edge. The same criteria was applied
regardless of whether the Mach number was moderate subsonice,
as at the stator tip, or high supersonic, as at the rotor tip.
It would seem excessively fortuitous if thils had not
contributed signiflcantly.

The second principal conclusion drawn is that the
optimization technique mentioned above plus the choice of an
axlal veloclty ratio across the rotor of substantlially less
than 1.0 did an excellent Job of controlling shock losses.
The low axial velocity ratio kept the alrfoll camber to a
minimum and the optimization technique controlled the airfoil
suriace curvature, PFlgure 151 shows some deslgn speed, peak
efficlency data points on a loss parameter versus diffuslon
factor plot. Because the dynamic pressure transducers over
the rotor tip showed the passage shock to be approximately

-normal at peak efflciency operation, the measured loss

coefficlients were corrected by subtracting normal shock loss
at the relative inlet Mach number to obtaln the data points
shown on the Figure. These points appear so unreasconably low
that two possibilities are immediately evident. The first is
that the shock losses may have actually been less than

normal shock losses because of small secondary shocks present.
The second, and perhaps more likely, possibility is that most
of the rotor diffusion loss, which 1s cdntained in the rotor
wake, has been attributed to the stator because that is where
the fluid mixing of the rotor wakes occurred. That is somewhat
substantiated by Figure 152 where the data points for the
stator appear higher than expected., Unlike Figure 151, the
data in Figure 152 has not been corrected for any shock loss
since the Mach number reached a maximum of about 1.0 at the
hub and 1t was presumed that the sweep was fully effective,
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'“j“w~uw_mh_ The third principal conclusion drawn is that the swept
: legding-edge at the stator hub also probably had a major
- impact on thé design. In spite of the stator hub Mach number
§ of approximately 1.0, the stator hub losses were astoundingly
‘ low. As shown 1in Figure 152, the total pressure loss
: parameter was lowest in that region. However, what Figure 152
: most 1llkely shows best 1s the secondary flow effect produced
§ by the stator leading edge shape. The strong sweep at the
¢ hub and the mild sweep at the tip have forced the fluld
! with the least momentum toward mid-passage where it 1s most
: harmless. :

It has not been posslble to draw firm conclusions
regarding the ailrfoil/platform fillet treatment. However,
the fillet treatment obviously did not penalize the design
and may well have contributed usefully,

Overall stage performance may be viewed in at least two
ways compared to design conditions. If one considers
performance at deslgn flow, both pressure ratio and
efficiency goals were substantially exceeded with 2.065
versus 1,912 recorded for stage total pressure ratio and
0.882 versus 0.830 recorded for stage isentropic efficiency.
On the other hand, 1f one evaluates stage performance at
design total pressure ratio, the choked flow of 63.12 1lb/sec
slightly exceeded the design flow of 62,60 1lb/sec and the
stage isentroplc efficiency at 0.856 1s 2.6 points above the
design value of 0.830. This efficlency was obtained through
a slight extrapolation of a plot of total pressure ratio
versus l1sentroplce efficiency. This latter method of viewing
the performance may be preferable from an engine operating
line viewpoint because of the increased stall margin.
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TABLE II
CALIBRATION OF SAMPLE THERMOCOUPLES

EégH SEE T AVG, OFog SAMPLES MAX; §§READ
65 148.1 148.1 0.1
100 211.4 210.9 0.1

150 300.8 301.4 0.4

175 346.5 3464 0.5

A 011 Bath Set Pt. ‘
B  Mueller bridge readout converted to temperature.

TABLE III
CALIBRATION OF TEMPERATURE READOUT ELECTRONICS

SET PT, PRINTER OUTPUT MAX. SPREAD
avgt °F, Avg* °F + OF
148.2 148.3 " 0.2
210.7 210.7 0,2
301.7 301.7 0.3
345,04 345,5 , 0.4

+ Average of two calibrated T/C's.
% Average of elght channels.
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P TABLE V

. IDENTIFICATION OF SYMBOLS
FOR 40%-SPEED ACROSS-BLADE FIGURES

% TEST IDENTIFICATION SYMBOL

i 510290706540

e

b 510290605040

T A A

; 510290504040

510290403C40

P o s

510290301540

510290200140

6 P + X ©

510290100040

v
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TABLE VI

% IDENTIFICATION OF SYMBOLS
FOR 50%-SPEED ACROSS-BLADE FIGURES

TEST IDENTIFICATION SYMROL
511250504450 X
511250303550 ®
5112501.02350 o
510291302850 X
510291001050 +
510290900150 4
510290800050 (U]
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TABLE VII

IDENTIFICATION OF SYMBOLS
FOR 60%-SPEED ACROSS-BLADE FIGURES

TEST IDENTIFICATION SYMBOL
511251204060 X
511251103660
511251003060
511250902360

511250801560

511250700260

e P + X o

511250600060
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TABLE VIII

IDENTIFICATION (OF SYMBOLS
FOR 70%-SPRED ACROSS-BLADE FIGURES

TEST IDENTIFICATION . SYMBOL
511260703570 | X
511260603317

1‘511260502670
511260102070
511260301470

511260200270

@ B + X 6 +

511200200670

P S At e 017 % s,

66

TSt s,




([33dS 200) SPIOWY S D0 SOV AT
LTINI SA NIAIINI ¥0L04 TS 3unoid %%w_.um%ﬁmwwmﬁswwmwww -

Sn1agY 13INI ¥oL0H

. 2 - SniouY G.z: ¥010¥
000t LN 059 00°" oa «m QYo e 0"y 003,
= ,
-0
\‘)\l{l‘ I!‘I8 . 100
= -]
(w3 [
= -
lm—“ lvns
3a -4
M ] m
| u
-5 _‘nm
- s=x
=
[ ]
{ d
e
{8
| ot
3

Paa R, e L TR BT LR vt ine 374 40 B 244, s S e ¢
, PP SRRy S YN FIC0 LRI PRI Pt NP g e ae AR
> 2 PRI TR SRR P IVE PRGN A SN g F PR AR




(0434S 204 SnIaWy iJ1LN0 (033dS 204) SnIavy 131100

SA d010Vd NOISNSdIa ¥OLO¥ £S FN9Id SA IN3I3144300 SSOT ¥010¥ <ZS Ju¥nsid
SNIGYY 13711N0 ¥010¥ : SNIgUY 137110 ¥0l10d
00°21 00°01 00°8 009 00°¥,, po° 21t 00" 01 00°9 00°9 00"y,
‘ '0 L - i L I'O
h o n
- (=]
JE e :
|2 B2 ©
me =
- Q
3 g
o™ (=]
- D b - (qp]
80 E4=4
2 -
L @ ’ | ©
3 3




(@33dS 204> Sniavy (§53dS 200 Sniavy
1FINT SA FINIAIONT YO1VlS SS n9ld 131100 SA NOILVIAIQ 40104 #S NOI

SNIOQUY 137INI dOLlHLS SNIgUY 1371N0 ¥010Y
09°8 09°L 09°s 09°S 09°¥, 00°31 0601 o0°@ 90°9

8
00°2"

00°2
00'9

JONJOIINT ¥oldls

69

T

00°'9

00°01
.NOT11HIA30 ¥O.lO0¥

\

00°01t

\J

60°¥1

—

00°et

0ot

T

eo°8!




(@33dS 204> sSniawy 1371n0
SA IN313144300 SSOT YOLYLS 6S 3uN9l4

w:~o¢x 13711N0 ¥OlUlsS

088 0z° P or° w ow.m. o
L o~
<
o3
2
o5
=¥
o
o
o5
M.le..-
(4334S %04) SnIavy 131Lno
SA H012¥4 NOISN4dId ¥Ol1vlis £5 3¥N914
SNIGUY 1311N0 ¥OLlUlS
QD“n ua.ku QN.»P Qt_._w Dm.MUm
53
o
>
o
o5
=4ai]
-
D
| qp)
o
TMA-U.-W

(Q33dS 204> SnIavy
1311N0 SA NOILVIA3G ¥OLVIS 8S JWN9I1d

SAIGUY 13771N0 ¥OlUis
sa‘g 00°8 0z°L 0r°9

K
00°¢?

001t

NOIlWH1A30 ¥OLlWLS

00°St

00°8t

(@34S 204) Sniavd 13INI
SA Y3EWNN HOVW YOLVLS 9S 3¥nsid

SN10vy 137IN1 xohchw
09°L 03°s

09

8

0 ‘0

‘8
—

¥

08°0

ON HOBW d014lS

08°0

70




TABLE IX

IDENTIFICATION OF SYMBOLS
FOR 75%-SPEED ACROSS-BLADE FIGURES

TEST IDENTIFICATION SYMBOL
601290401875 X
601290301275 +
601290200275 A
601290100075 )
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TABLE X

IDENTIFICATION OF SYMBOLS
FOR 80%-~-SPEED ACROSS BLADE FIGURES

TEST IDENTIFICATION SYMBOL
512150501680 X
512150301280 +
sléosoéoooao ' , &
512050100280 V)
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| TABLE XI

IDENTIFICATION OF SYMBOLS
FOR 85%-SPEED ACROSS-BLADE FIGURES

TEST IDENTIFICATION SYMBOL
siisesossss %
ﬁ;515160702285

512160601885
512160501485
512160401085

512160300285

G P T+ X -

- 512160200085
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TABLE XII

IDENTIFICATION OF SYMBOLS
FOR 90%-SPEED ACROSS-BLADE FIGURES

TEST IDENTIFICATION SYMBOL
601220703590 X
601220603090 4
601220502590 o
601220402090 X
601220301590 +
601150300290 A
1512170300090 o

86




(@33dS 206) SHIUVY (@S 205 SNIOVE LTI A

LFINT SA FONIAIINT YOL0¥ TG Funotd | NSO Hove JALLYIZN BOL0M 06 Fun9id
w:SS_ 137IN] ¥0l10Y¥ . snigu¥ 13N ¥010¥
Da.mn QO 11004 m Dn‘t nc.mﬁ Oo.w— ne. 00° 0 8.0 g.ﬁu
g 3
-] 1
Q
—f
it Lo
8~ 3.
=
34
5R 22 -
25 23
™ -}
>
|2 =
3 WW
o .
x
mm
=

08°t




(@33dS %06) SNIQVY 137LN0 (G334S 205) SAIQWY 1TUN0

SA ¥01Jv4 NOISNJ41d ¥OL0 £6 3314 | SA IN313144300 $SO7 40108 26 3¥ndld
snioyy L131iN0 ¥010¥ o SNIOBY 137100 ¥010¥
[1] RarA ¢ 000t go°'s ﬂb.@ [1]1] vnw 00°21 60 0t 00°Q 00°9 gc*.
1 I A ".t FEl I o b ] to
°z S,
— £
o3 o 2
3 | 9=
=5 5
i A
[~ U ‘.ua
85 33
2 a
o

oL
ore

B R T X PR T LIy L




(@33dS 206) A1V S  (g33dS $06) SRIOVY

LTI SA JDNIQIONT HOLVIS S6 914 13140 SA NOLLVIASC 80103 46 J1BI4
B | mmss_ 131100 4010y )
e OB WS L L S Ll
L i " . PN . o
s -
 ten Kod
53 s
-}
S S
W ..TO.O = ,
2 =2
=5 53
3 25
z
Rt L >
S 5
-

00°88

S rrt U U ma it s e o e et Py 1 ¢ Ao e N b o . At e BN




ot Sy

(Q334S £06) SNIGVY 131N
SA 1N312144300 SSOT ¥0LViS €6 wé:wﬁ

SNIgYY 1371N0 ¥O1UiS

08°8 00°9 02°L or’9 09° m._o
[ Oll.
=3
°c
=
25
e €N
=17
(w ]
@
o
“Jn
(@3S £06) SNIGW L31LN0
SA HOLOV4 NOISNSJIQ HOLvLS /6 38A9id
SNIOYY hw.::o ¥oldls :

08°e 00°8 oy°9 g.mwm..
D
=
P+
o
[ - 1 o
<
3
=1
>
. 3

L&
2l

o e e

(033485 uamv srigws
(43140 SA aompﬁ»wa &E&m 86 3un9ld

SNINBY 1371100 ¥piWiS

ca's 008 03'L 9v'3 L
T 23
-l
P
=
-
»m
= Joct
D
=
-
| e G
N
W 2
{33348 106 mEg
I3 SA Y3EWAN HOVW #01VIS S6 ummwwu
maunmm 13N
s...m ‘ 3 L au.nu MO._.NHW 3.'0
-
o
[~
E
.Tﬂ
S

00°t

ON HIUW ¥01Ul1S

%0




TABLE XIII
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TABLE XIV

IDENTIFICATION OF SYMBOLS
FOR 100%#-SPEED ACROSS-BLADE FIGURES
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TABLE XV

IDENTIFICATION OF SYMBOLS
FOR 100% THRU-BLADE COMPARISON FIGURES

TEST IDENTIFICATION SYMBOL
602200201900 )
CASE 1
602200201900 A
CASE 2
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FIGURE 132. ROTOR THRU~BLADE DEVIATION ANGLE
DISTRIBUTION C(PT 602200201900 CASE 1)
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FIGURE 133. ROTOR THRU-BLADE DEVIATION ANGLE
DISTRIBUTION (PT 602200201900 CASE 2)
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B PRESSURE SURFRCE
X SUCTION SURFACE

® CALCULATED VALUES
LEARDING ¢ TRAILING EDGES

26.00

24.00
i
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A

20.00
o |

-

PRESSURE (PSIA)

i
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o16.00
o
o
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' PERCENT CHORD —

FIGURE 135, STATOR MID-SPAN SURFACE
o ' STATIC PRESSURE DISTRIBUTION
FOR TEST POINT 601220201900
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STATOR INLET

- FIGURE 136,

ROTOR OUTLEY

ROTOR INLET

COMPRESSOR HUB GEOMETRY
AND VELOCITY DIAGRAMS FOR
TEST POINT 6012200201900
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STATOR OUTLET
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B

ROTOR QUTLET
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ROTATION

ROTOR INLET

FIGURE 137. COMPRESSOR TIP GEOMETRY
‘ - . AND VELOCITY DIAGRAMS FOR
TEST POINT 60122002019C0
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FIGURE 138,

STAGE EXIT CONTOUR PLOT
OF TOTAL PRESSURE FOR TEST
POINT 6012200201900
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Direction of Rotor Rotation-—q-f

View Lobking Downstream

FIGURE 139, STAGE EXIT CONTOUR PLOT
: ' " OF FLOW RATE PARAMETER FOR
TEST POINT 601?200201900
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Direction of Rotor Rotatlon —
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o
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. View Looking Downstrean

FIGURE 140, STAGE EXIT CONTOUR PLOT
| | OF TOTAL TEMPERATURE FOR TEST
POINT 6012200201900
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APPENDIX A

g' TEST POINT 602200201900 COMPUTER

4 PRINTOUT (THRU-BLADE ANALYSIS)

g This Appendix presents the aerodynamic results (in

- the form of computer printout) of the Phase II Thru-Blade
3 analysis of test point 602200201900. Both Case 1 and

Case 2 analysils of this point is presented, with the
complete input data for both cases included at the beginning

of each listing.
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AERODYNAMIC RESULTS CASE 1
TEST POINT 602200201900
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APPENDIX B

- TEST DATA, INPUT DATA FORPHAS§ Il
DATA REDUCTION (ACROSS BLADE

This Appendix 1ists the input data and test data 1n
the form of computer listing for each data polnt on all ,
speedlines. The input data or fixed data is glven at the
beginning of each speedline and applles to all points on ,
that speedline. The test data for each data point includes
\ the output deck from the Phase I analysils. o o
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