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SUMMARY

The objectives of this program are to advance and demonstrate high
pressure ratio axial compressor technology to the point where an engine
designer has sufficient data to incorporate the axial compressor in a
small gas turbine engine.

The design and analysis of a single-stage axial supersonic compressor were
conducted under Phase I of this contract (Volume I of this report). The
rotor for this compressor design was developed and evaluated through ex-
perimental testing under Phase II of the contract, and the results are
presented in this report.

The compressor performance goals are:

Rotor with Overall
Inlet Guide Vanes Stage

Pressure Ratio 2.89:1 2.8:1
Adiabatic Efficiency (Percent) 85.2 82.2
Corrected Airflow (Pounds Per Second) 4.0 4.0
Corrected Design Speed (Revolutions Per Minute) 50,700 50,700

The average performance demonstrated by the rotor with the inlet guide
vanes was 2.77:1 pressure ratio at 82.5 percent efficiency and 4.0 pounds
per second airflow,

Data analysis indicates that the final blade configuration tested can meet
the rotor performance goals. A nonuniform circumferential compressor back
pressure (throttling condition), together with the inability to obtain
complete traverse data in the near sonic flow at the rotor exit, prevented
a demonstration of the full rotor performance potential.

Final performance optimization will be eccomplished in the Phase III stage
development testing. The axial direction and low Mach number (approxi-
mately 0.3) of the exit stator discharge flow are expected to result in a
relatively uniform back-pressure level and therefore provide more favor-
able conditions for demonstrating the optimum rotor performance.
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FOREWORD

Work is being performed under United States Army Contract DA 44-177-AMC-
392(T) (Task 1G162203D14413) by Curtiss-Wright Corporation to advance and
demonstrate high pressure ratio axial compressor technology for small gas
turbines. This contract is administered by the Aeronautical Propulsion
Division of the U. S. Army Aviation Materiel Laboratories. The Phase 1
effort for this program consisted of the design of a single-stage super-
sonic axial compressor and test rig and an analytical evaluation of the
compressor's potential as a boost stage for small gas turbine engine
compressors. The rotor performance of this compressor has been investi-
gated experimentally and developed under Phase II. The experimental in-
vestigation of the total stage performance is scheduled for Phase III.

The manager of the Small Gas Turbine Engine Program is T. Schober, and the
manager of this Compressor Techneclogy Contract is C. H. Muller. Principal
contributing engineers are L. Cox, W. Litke, H. Weiser, A. Schmitter, and
F. Spindler. The overall guidance and technical direction provided by

Mr. A. Sabatiuk, and the direction of Mr. S. Lombardo, are gratefully
acknowledged. The guidance of Mr. J. White, Mr. E. Johnson, and Mr. D.

Cale of the U. S. Army Aviation Materiel Laboratories is also gratefully
acknowledged.
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SYMBOLS
isentropic area ratio - dimensionless
area at which sonic flow would occur - square inches

annular area - square inches
flow area - square inches

acoustic velocity (based on static temperature) - feet per second

acoustic velocity (based on total temperature) - feet per second

specific heat for a constant pressure process - BTU per pound per
degree Rankine

diameter - inches

mean diameter - inches

acceleration of gravity - feet per second squared
hub streamtube

iron-constantan thermocouple

inside diameter - inches

incidence angle - degrees

modified incidence angle - degrees

work constant (778 foot-pounds per BTU)

continuity equation constant (0.26048 pound square root of degree
Rankine per second per square inch per inch of mercury)

spring rate - pounds per inch

Mach number - dimensionless

mean streamtube

rotational speed - revolutions per minute
outside diameter - inches

static pressure ~ inches of mercury
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total pressure - inches of mercury

radius of curvature in meridional plane - inches; (or gas constant,
53.4 foot-pounde per pound per degree Rankine, when occurs in the
expression KgRTS)

total pressure recovery - ratio of total pressure remaining after
losses through blade row passage to initial total pressure at
blade row inlet - dimensionless

radius from compressor axis - inches

static temperature - degrees Rankine
total temperature - degrees Rankine

tip streamtube

ratio of maximum blade thickness to the chord length

rotor blade section speed - feet per second
velocity - feet per second

axial velocity component - feet per second
tangential velocity component - feet per second

airflow - pounds per second

tangential airflow angle relative to the compressor axis - degrees
tangential angle to blade camber line - degrees

tangential angle to blade suction surface - degrees

deviation angle - degrees (or ratio of local total pressure to a
referenc~ pressure, when it occurs in (WJa )/8 - dimensionless)

change of a quantity across a blade row - dimensionless
airflow slope angle in meridional plane - degrees
adiabatic efficiency - dimensionless

ratio of specific heats - dimensionless
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¢ blade camber angle - degrees
P density - pounds per cubic foot
0 air turning angle through a blade row - degrees (or ratio of

local total temperature to a reference temperature, when it occurs

in either N/{/§ or (W8 )/8 - dimensionless)

Subscripts

amb ambient conditions

o station at entrance to inlet guide vanes

1 absolute conditions (relative to nonrotating reference) at a

station representing exit of inlet guide vanes and inlet to rotor

2 entrance conditions to rotor relative to the rotating rotor blade

3 exit conditions from the rotor relative to the rotating rotor
blade

4 absolute conditions (relative to non-rotating reference) at a

station represerting the rotor exit and inlet to the exit statc

5 absolute conditions at a station representing the exit of the exit
stator and interconnecting duct
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INTRODUCTION

The objective of the U. S. Army Aviation Materiel Laboratories in the
field of small gas turbine engines is to advance the technology in the

ma jor component areas to the point where a small gas turbine engine can be
designed to provide a nonregenerated engine with a specific fuel consump-
tion of less than 0.460 pound per horsepower per hour. The compressor
component required to make this performance goal possible must be capable
of high pressure ratio (16:1 range) at good component efficiencies and, in
addition, must be designed for simplicity, ruggedness, durability, and
minimum cost.

The objectives of this program are to advance and demonstrate high pressure
ratio axial compressor technology to the level that, when matched analyt-
ically with the advanred centrifugal compressor technology supplied by
USAAVLABS, will provide a 16:1 compressor which offers the desired engine
performance. Specifically, this program is to develop a supersonic axial
compressor to serve as the boost or supercharging stage. Since the part-
power performance of small gas turbine engines is also critical, several
study tasks have been included in the program to gain some insight into
the important off-design parameters and trade-offs which should influence
the axial compressor development when considered in the overall compressor
and engine operation.

The program is scheduled in three phases. Phase I involved (1) the design
of the supersonic axial stage compressor and test rig, (2) an analytical
study to evaluate the performance potential and characteristics of various
compressor and engine configurations, and (3) the preliminary design of an
advanced 16:1 axial/centrifugal compressor, an advanced gas generator in-
corporating this compressor, and a variable-geometry compressor rotor.

In Phase II the inlet guide vanes and compressor rotor were procured and
developed through experimental testing. In Phase III the design of the
exit stator and interconnecting duct for the supersonic axial stage was
finalized and this hardware was procured and developed through experi-
mental testing. An advanced inlet guide vane was designed and procured,
and its improvement of stage performance was experimentally evaluated.

The supersonic axial compressor selected and designed under Phase I of the
program is a single-stage shock-in-rotor type of compressor with stage
performance goals of 2.8:1 pressure ratio, 82.2 percent adiabatic effici-
eucy, and 4.0 pounds per second corrected airflow. The performance goals
for the rotor with inlet guide vanes, but without exit stators or inter-
connecting duct, are 2.89:1 pressure ratio, 85.2 percent adiabatic effici-
ency, and 4.0 pounds per second corrected airflow.

Phase I was completed in September 1966. The compressor des’ rn rrocedures,
criteria, predicted performance, and results of various ana., . il studies
performed are presented in Volume I of this report.#*

*Single-Stage Axial Compressor Component Development for Small Gas Turbine
Engines (U), USAAVLABS Technical Report 68-90A, U. S. Army Aviation
Materiel Laboratories, Fort Eustis, Virginia, Mirch 1969,
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Phase 11 was completed in May 1967. The purposes ot this phase were to

evaluate the compretsor rotor performance, when tested with the inlet guilde

vanes but without exit stators, and to develop the rotor to an acceptable
performance level prior to finalizing the exit stator design. In this
manner the performance capability of each blade row can be established and
design deficiencies can be pinpointed more readily. The results of the
experimental testing and data analysis performed under the tasks of this
phase are presented in this report. These data formed the basis for final-
izing the exit stator design and for analyzing the experimental stage
performance of Phase III of the program.
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COMPRESSOR FABRICATION

The facility and test equipment on which the experimental evaluation of the
compressor was performed is described in Appendix I (Phase II Test Plan).
The test rig consists of a Rover engine, modified to serve as a steam-
driven power turbine, mated to the compressor test rig urit. The Rover
engine was an existing unit and required only minor modifications. The
compressor test rig, inlet guide vanes, and rotor were fabricated during
this phase of the program.

TEST RIG - A layout of the compressor rig is presented in Figure 1. Aft of
the compressor rotor, the hardware arrangement above the centerline differs
from that below the centerline. The arrangement below the centerline de-
picts the configuration for the rotor development testing and represents
the test rig hardware fabricated under this phase of the program. The
arrangement above the centerline is the planned configuration for the stage
testing under Phase III. The layout also shows an arrangement providing a
slip ring assembly within the nose of the rig and an alternate arrangement
for a nose assembly without slip rings. The slip rings were plamned in the
event that strain gaging of the rotor blades was deemed necessary for
monitoring blade stresses. The results of the 2:1 supersonic compressor
testing indicated that the strain gages were not required; consequently,
the alternate nose assembly without slip rings was fabricated for this
testing. Figure 2 shows the test rig components. Figures 3 and 4 present
the assembled compressor rig, and Figure 5 presents the overall test rig
installed on the test stand.

INLET GUIDE VANES AND ROTOR

Inlet Guide Vanes

The inlet guide vanes are an NACA 65 series airfoil and are fabricated as
individual blades (Figure 6). A source inspection of these blades indi-
cated that all airfoil coordinates were within the specified tolerance.

l.otor

The compressor rotor blades are developed airfoils and are machined from a
forging as an integral blade and disc unit. During the design, the blade
sections are initially developed along streamline paths and are then trans-
formed to sections in planes perpendicular to the stacking line (mylar
planes) for manufacturing. The source inspection data indicated that the
airfoil coordinates were within the specified tolerance with respect to

the mylar plane blade sections. The compressor rotor is shown in Figures 7
and 8. Figures 9 and 10 present the rotor assembly.

Due to the relatively large circumferential arc between the leading and
trailing edges of the blade, and the relatively high streamline slope
angles with respect to the axis of rotation, the mylar blade sections di-
verge considerably from the streamline} sections at the leading and trail-
ing edges. Certain key leading-edge j@iteria could be readily measured
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Figure 4. 2.8:1 Supersonic Compressor .Rig Assembled - Side View
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1 Supersonic Compressor Inlet Guide Vanes.

2.8

Figure 6.
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Figure 8. 2.8:1 Supersonic Compressor Rotor Integral Blade and Disc -
Front View.
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along streamline sections and, therefore, were obtained in inspection after
completion of fabrication. These measurements included (1) the angle which
the leading-edge expansion surface forms with an axial direction, (2) the
leading-edge wedge angle formed by the expansion surface and the compres-
sion surface, and (3) the blade thickness at the leading edge. Figure 11
defines these criteria.

The insvection results for the first rotor are as follows:

Measurements
of First Rotor

Design Weighted
Specifications Range Average
Expansion Surface Leading-Edge Angle
Hub 67°41" 68°02'-69°10' 68°15"
Mean 68°50" 69°10'-69°55' 69°21'
Tip 70°11' 70°40'-71°50"' 70°55'
Leading-Edge Wedge Angle
Hub 4°00' 3°35'-6°40" 5°00'
Mean 4°00' 4°17'-5°50" 4°54"
Tip 4°00' 3°45'-7°00"' 5°01'
Leading-Edge Thickness .004-.010" .007-.015" .011"

The range of measured leading-edge angles indicates the extremes of the
blade-to-blade variation. The weighted average is computed by considering
the distribution of the measured angles for the number of blades inspected.
The weighted average represents the reference value which should be used
for aerodynamic data analysis. The results indicate that the weighted
average of the leading-edge expansion surface angle for the overall blade
span is 1/2 degree higher than the design specifications. Based on the
deviations in leading-edge expansion angle and thickness, it was projected
that the airflow would be on the order of 5 percent low.

A natural static blade frequency check was made, and the results indicated
a resonant frequency of from 3455 to 3560 cycles per second. It was con-
cluded that this frequency represents a flapping mode at the leading edge
of the blade.
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ROTOR TEST WITH INLET GUIDE VANES

Build 1 of the compressor and test rig with the first 2.8:1 compressor
rotor (rotor configuration 1) was tested under this task.

TEST CONFIGURATION

The compressor configuration for this test consisted of the inlet guide
vanes, the compressor rotor and shroud, and an annular exit duct without
vanes (see Figure 1 arrangement below centerline).

Inlet Guide Vanes

The inlet guide vanes are of the NACA 65 airfoil series and were positioned
at the design angle setting.

Rotor
The rotor was the first 2.8:1 supersonic crmpressor rotor (configuration 1).
shroud

An uncoated (no abradable coating) steel shroud was used in *his build.

Tip Clearance

Figure 12 presents the nominal static rotor to shroud tip clearance con-
figuration. The tip clearance variation with circumferential position
was within £,0015 inch.

INSTRUMENTAT ION

The test instrumentation is described in Appendix I. The traversing probe
was not installed for the initial test period. The plan was to install
the traversing probe after obtaining preliminary data through 100 percent
speed.

DESCRIPTION OF TEST

Data points were obtained along the 50, 70, 80, and 90 percent speed lines
during the test of build 1. No attempt was wade to establish the surge
line within this test period. The data results are discussed in the
following section.

Testing was terminated while setting a 95 percent speed point because the
compressor thrust bearing failed. Disassembly and posttest inspection
revealed that fibers from a Teflon tape material had plugged the oil jet
to the thrust bearing; thus loss of oil flow caused the bearing failure.
The accumulated testing time on the rig was 3 hours 30 minutes.
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Aside from the damage which was directly attributable to the bearing fail-
ure, there was no other evidence of rotor blade deterioration or a rotor
tip rub.

TEST RESULTS

The performance data obtained during the testing of this build included
the fixed probe total pressures and temperatures from the five-element
rakes at the compressor inlet and from the single-element probes for each
of three streamtube locations at the rotor exit, the wall static pressures
along the flow path, the compressor airflow, and the speed. No traverse
data were obtained. Comparison of the experimental data to predicted
performance is made where possible, but comparison to design point condi-
tions cannot be made since 100 percent speed was not attained.

The data analysis computer program is used to determine the vector dia-
grams, Mach number profiles, rotor exit flow angles, and streamline paths
as a function of radius. The program input data are the inlet total tem-
perature and pressure profiles, airflow, ibsolute flow angle leaving the
inlet guide vane, guide vane loss coefficient, flow path geometry, rotor
speed, rotor exit total temperature and pressure profiles, and exit block-
age factor. The program calculates the aerodynamic solution between each
blade row which satisfied continuity and energy along streamlines and
radial equilibrium for both the tangential velocities and meridional
streamline curvature. The exit blockage factor is adjusted to establish
a solution which matches the experimental exit static pressure. The abso-
lute leaving flow angle and loss coefficient for the inlet guide vanes as
a function of radius are input as established by the inlet guide vane
tests.* The remaining input data are as measured during the rotor test.

Performance Mag

The experimental rotor test data points for build 1 are shown plotted on a
map of predicted stage performance in Figure 13. Table I presents the
performance for the data points in terms of the tip, mean, and hub stream-
tubes; it also presents the overall average.

Rotor Pressure Ratio

The rotor pressure ratio is computed as the ratio of the average total
pressure at the rotor exit to that in the inlet duct. The data presented
are based on a numerical average of the rotor exit data for each of the
three streamtube locations. The data analysis computer program determines
a pressure ratio based on mass weighted exit conditions. The mass weighted
pressure ratios from the computer runs agreed with the numerical averages
within the accuracy represented by the three-point exit profiles.

*Single-Stage Axial Compressof Component Development for Small Gas Turbine
Engines (U), USAAVLABS Technical Report 68-90A, U. S. Army Aviation
Materiel Laboratories, Fort Eustis, Virginia, March 1969.
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Figure 13. Build 1 Rotor Test Data Compared to Predicted Stage
Performance Map.
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The rotor data indicate higher peak pressure ratios than those predicted
for each of the speed lines. The following tabulation of data for 90

percent speed illustrates this.

Percent Pressure Adiabatic Corrected
Speed Ratio Efficiency-%2 Airflow 1lb/sec
Predicted Stage 90 2.265 (Peak) 81.2 3.64
Predicted Stage 90 2.240 82.5 (Peak) 3.76
Predicted Rotor 90 2.340 (Peak) 84.7 3.64
Predicted Rotor 90 2.310 86.2 (Peak) 3.76
Test Data Point 90 2.37 84.3 3.43

Adiabatic Efficiency

The adiabatic efficiency is computed as the ratio of the idesl enthalpy
rise for the measured total pressure ratio to the actual enthalpy rise

from the inlet duct to the rotor exit (see Appendix I, page 73 . The
results presented are based on a numerical average of the exit temperatures
for the three streamtubes. As in the case of the pressure ratio, the mass
average data from the computer runs agree within the accuracy represented
by the three-point exit profiles. The data tabulated in the previous sec-
tion (Rotor Pressure Ratio) indicate that the actual compressor work is
slightly higher than predicted, based on the slightly higher pressure ratio
at slightly lower efficiency than predicted. Since the data points ob-
tained were not sufficient to establish the peak pressure ratio and peak
efficiency, final conclusions with respect to the optimum performance can-
not be drawn. In general, however, the demonstrated efficiencies are close
enough to the predicted values to support the feasibility of the predicted
goals.

Corrected Airflow and Rotor Incidence

As discussed under the section on compressor fabrication, the measured
angle of the rotor blade leading-edge expansion surface was 1/2 degree
higher and the leading edge was thicker than design specification; this
was expected to result in a corrected airflow approximately 5 percent
short of the design goal.

The test data of 90 percent speed for build 1 indicated a wid2-open throt-
tle corrected airflow 8.5 percent lower than predicted. Prior to the bear-
ing failure, the wide-open throttle corrected air{low at 95 percent speed
was noted to be 3.636 pounds per second, which is 7 perceut below the pre-
dicted value. The data from the 2:1 supersonic compressor tested previ-
ously under a Curci.s-Wright program established a linear relationship
between the wide-open throttle corrected airflow and corrected speed over
the speed range fiom 93 to 100 percent.* In addition, the corrected air-flow

*Single-Stage ..xial Compressor Component Development for Smali Gas Turbine
Engines (U), USAAVLAES Technical Report 68-90A, U. S. Army Aviation
Materiel Laboratories, Fort Eustis, Virginia, March 1969.

BB 2T 7 S AR LS

-t ®




at 100 percent speed was expected to remain constant between wide-open
throttle and the design point. Based on these conditions, an extrapolation
. to 100 percent speed indicates a corrected airflow of 3.72 pounds per

¢ second, which is 7 percent below the design goal of 4.0 pounds per second.

The average rotor inlet relative air angle was computed for the extrapo-
lated 100 percent speed airflow mﬂ)/8= 3.72 pounds per second). The
calculation was based on the absolute air angle leaving the inlet guide
vane and the guide vane total pressure loss as established by the inlet
guide vane flow tests.,* The resultant relative air angle is 71.6°, which
is 1.6° higher than the average design relative air angle of 70.0°.

i A modified incidence angle (i') with respect to the rotor in this analysis
is defined as the angle between the relative inlet air vector and the
leading-edge expansion surface of the blade. This angle is significant in
supersonic compressors since the air angle responds primarily to the blade
expansion surfacc angle. Aa average modified incidence angle of 1.2
degrees was used in the compressor design. The build 1 data indicate an
average modified rotor incidence angle of 2.3 degrees, or an increase of

£ 1.1 degrees over the design value. Figure 14 presents these results.

Rotor Exit Conditions

The experimental rotor exit total pressure and total temperature profiles
for the absolute vectors are presented as a function of radius for the
highest pressure ratio data point (point 11) at 90 percent speed in Fig-
ure 15. These data are based on the fixed probe measurements.

Vector Diagrams

Figure 17 presents the vector diagrams for data point 11. The temperature
and pressure profiles presented in Figure 15 represent the rotor exit data
for the computer inputs. A zero exit blockage factor satisfied the experi-
mental static pressure vithin 1 inch of mercury for this case. Figure 16

: presents the vector diagrams for the design points. A comparison of the

] results for point 11 with the design case indicates that the rotor is
performing within design expectations except for the deficiency in airflow.

Rotor Passage Recoveries

The rotor passage total pressure recovery is calculated along a streamline
f by the equation

t

{

P T Y7y -1
6 1%y

Recovery = P

T T

2 4

*Single-Stage Axial Compressof Component Development for Small Cas Turbine
t Engines (U), USAAVLABS Technical Report 68-90A, U. S. Army Aviation
Materiel Laboratories, Fort Eustis, Virginia, March 1969,
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Build 1, Rotor Configuration 1

— — — — Design Condition

Test Data Extrapolated
to 100 Percent Speed

Expansion Surface Deviation
6o

Figure 14. Rotor Incidence for Build 1 Compared to Design Conditions. !
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Figure 16. 2.8:1 Supersonic Compressor Design Point Vector Diagrams.
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Figure 17. Build 1 Vector Diagram for 90 Percent Speed Data.
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The output data from the data analywsis computer runs are used for this
calculation.

Figures 18 and 19 present the rotor passage total pressure recoveries for
the highest pressure ratio data points at 80 and 90 percent corrected
speceds respectively (points 9 and 11)., The design recovery curves pre-
sented for comparison represent the result uf the Mach number recovery
adjusted for the hub benefit and tip penalty attributable to the centrif-
uging of the low-energy boundary layer towerd the blade tip. The results
indicate that this latter effect {s more extreme than anticipated {n the
design case and probably wvarrants a revision of the design factors for
this condition. The average recovery at the peak pressure ratio for each
of the 80 and 90 percent speed lines should exceed that of the design
case. The two 4ata points presented do not necessarily represent the peak
pressure ratios for the respective speed lines; this s probably vhy the
recovery was somewhat lower than expected.
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MODIFICATION OF ROTOR DESIGN AND RETEST

Builds 2, 3, 4, and 5 were tested under this task. The tests for these
builds were conducted with a second compressor rotor which incorporated the
redesigned leading-edge expansion surface angle. Build 2 represented a
design inlet guide vane setting. Betweer. builds 2 and 2, the tip clearance
configuration was changed and three rotor blades were blended back at the
leading edge. Builds 4 and 5 represented changes in the inlet guide vane
setting to 6 degrees closed and 8 degrees open, respectively.

ROTOR REDES IGN

The results of the data analysis from the test of build 1 with rotor con-
figuration 1 indicated that a low corrected airflow was the only clear
performance deficiency.

The results of the rotor blade inspection for the first rotor indicated
that the leading-edge thickness, the leading-edge expansion surface angle,
and the leading-edge wedge angle were larger than specified (see Compres-
sor Fabrication, page 3 ). Correction of the leading-edge thickness ip-
volves defining a fabrication procedure which will insure that the specifi-
cations are met; this subject is discussed in the following section
(Fabrication).

The airflow is primarily a function of the leading-edge expansion surface
angle; therefore, this is the only area of the airfoil which required re-
design under this task. The average relative rotor inlet air angle re-
quired to meet the desigr corrected airflow of 4.0 pounds per second is
70.0 degrees. The results from the test of build 1 indicate that the
modified incidence angle at the design point is 2.3 degrees (Figure 14).
The required average leading-edge expansion surface angle for the rotor
blade is 67.7 degrees. This represents the angle along streamline sections.
The average measured expansion angle for the first rotor was 69.3 degrees,
or 1.6 degrees higher than required.

The blade sections are defined along mylar planes for fabrication. A
change of 1.6 degrees in a streamline plane will differ by less than 0.1
degree in a mylar piane. On this basis, the expansion surface angle was
redefined in the mylar plane as 1.6 degrees lower than the measured mylar
plane expansion angles of the first rotor. Figure 20 compares the mylar
plane expansion angles for the redesign with those of the first rotor.
Figure 21 presents the redesigned portion of the airfoil.

FABRICAT ION

The method of fabricating the redesigned rotor was thoroughly reviewed in
order to meet (1) the redesigned airfoil shape, (2) the leading-edge thick-
ness specifications, (3) the minimum cost, and (4) the shortest schedule.

Two approaches were considered. The first was to produce new tooling for
the redesigned airfoil. The second was to fabricate a rotor from the
original tooling and then provide special tooling to rework the redesigned
area local to the leading-edge expansion surface.
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The latter approach was chosen because of the following advantages: there
was higher confidence that the unchanged section of the airfoil would be
reproduced, the special tooling for a rework provided closer control of
the leading-edge thickness and expansion surface angle, the tooling cost
was one-tenth that of the alternate approach, and the fabrication period
was one-third that of the alternate approach. The disadvantages of this
approach were that the leading-edge wedge angle would fall below the de-~
sired value of 4 degrees and that the radius of curvature on the blade
expansion surface aft of the area which defines the leading-edge angle was
limited to values smaller than would have been chosen during a complete
redefinition of the airfoil. The radius of curvature achieved was con-
sidered adequate, however, and this disadvantage did not represent a real
concern. The average leading-edge wedge angle for the first rotor was

5 degrees, or 1 degree higher than the design specification. On the as-
sumption that the original tooling would reproduce the same leading-edge
compression surface angle on the new rotor, the resultant wedge angle
should have been 1.6 degrees smaller than that of the first rotor, or 3.4
degrees. Although this wedge angle was below the desired design wedge
angle of 4 degrees, it was not considered to be low enough to jeopardize
the structural integrity of the blade.

The inspection results for the second rotor are tabulated below. Trailing-
edge and leading-edge measurements were made on this rotor.

Measurements of
Second Rotor

Redesign
Specificaticns Weighted
for Rotor No. 2 Range Average

Expansion Surface Leading-Edge Angle

Hub 66°39' 66°18'-69°09' 66°42"

Mean 67°45" 67°30'-68°12' 67°54"

Tip 69°19" 68°45'-59°17' 69°06"'
Leading~Edge Wedge Angle

Hub 3°24° 2°20°-3°45" 3°07'

Mean 3°18’ 2°45'-3°40' 3°00'

Tip 3°25! 2°10'-3°05"' 2°41"
Leading-Edge Thickness .004-,010 .006-.010 .009
Compression Surface Trailing-Edge Angle

Hub 23°48' 22°24'-22°36' 22°30'

Mean 28°30° 28°03'-28°08' 28°05'

Tip 34°48" 30°54'-31°76' 31°00'
Trailing-Edge Wedge Angle

Hub 10°00' 7°30'-7°50' 7°40'

Mean 10°00' 7°57'-8°17' 8°8'

Tip 10°00* 4°40'-4'46" 4°42"
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The above data indicate that the specified leading-edge expansion surface
angles and leading-edge thickness were basically met. It appears, however,
that the leading-edge compression surface did not reproduce exactly and
resulted in even lower leading-edge wedge angles than planned. Conse-
quently, the stiffness of the leading edges was somewhat marginal, but the
rotor was considered to be capable of being tested without experiencing
excessive blade stresses.

TEST CONFIGURATION

Build 2

This build had two changes in test configuration from build 1: (1) the
substitution of the second rotor, which represents the redesigned rotor
(designated rotor configuration 2), for the first rotor (rotor configuration
1); and (2) the use of a new rotor shroud with an abradable coating.

The nominal tip clearance geometry was the same as that of build 1 (Figure
12). The runout of the abradable surface was somewhat higher than that of
the uncoated shroud used in build 1; therefore, a circumferential clearance
variation from nominal of *.003 inch resulted. Although the higher vari-.
ation tip clearance meant that a rotor tip rub was more likely tc occur in
this build than in build 1, the purpose of the abradable surface coating
on the shroud was to provide a surfare wnich would adjust to a tip rub
without damage to the rotor blades. Consequently, a potential tip rub was
within the pianned operation of this zompressor build.

The natural static frequencies (flapping mode) m . ed for this rotor
were 3200-3582 cycles per second.

Build 3

During the testing of build 2, a rotor tip interference occurred which re-
sulted in leading-edge damage to several rotor blades (see Figure 22).
This subject is discussed under the section Description of Test, page 40.
Rotor blades 13, 16, and 18 were cut back at the leading edges with approx-
imately a 25-degree sweep angle to remove the broken out and cracked areas;
their leading edges were resharpened to approximately .010 inch thickness
(see Figure 23). The buckling of the blades was considered to be too minor
to warrant repair since the operating centrifugal force would tend to re-
store the blades to their original radial shape. A cylindrical grinding
cut has been taken to provide a maximum tip diameter of €.305 inches in the
leading-edge area. This latter operation is a part of a change in tip
clearance configuration to prevent a rotor tip rub. The repaired rotor is
referred to as rotor configuration 3. Figure 24 presents the new tip
clearance geometry for build 3.

The surface of shroud from build 1 has been r:worked to meet the new
tip clearance coun.iguration. This shroud does nct have an abradable coat-
ing. The cylindrical cut in the leading-edge area provides .020 inch
static clearance with the rotor tip and insures that tip interference will
not occur in the leading-edge area even if a flapping mode flutter is
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encountered. A .017-inch tip clearance was set for the remaining conical
surface; this clearance is considered to be sufficient to avoid a tip rub.

An attempt was made to reduce the circumferential variation in back pres-
sure level by installing an annular screen in the test rig exit collector
housing. The screen represented a 40 percent open area mesh and was in-
stalled during the assembly of build 3. During the initial testing of
build 3, the screen did not improve the circumferential effect and was
removed.

Except for the changes described, build 3 was the same as build 2.
Build 4

The inlet guide vane setting was adjusted to 6 degrees closed for build 4,
but this build was otherwise the same as build 3. At the design setting,
the guide vanes prerotate the air opposite to the direction of rotor rota-
tion. A closed setting direction is an increased degree of prerotation,
while an open setting direction is a reduced prerotation.

Build 5

The inlet guide vane setting was adjusted to 8 degrees open for build 5,
but this build was otherwise the same as builds 3 and 4.

INSTRUMENTAT ION

Build 2
The instrumentation for build 2 was the same as that for build 1.

Builds 3, 4, and 5

The radial traversing probe was added to builds 3, 4, and 5, but the
ingtrumentation was otherwise the same as for builds 1 and 2.

DESCRIPTION OF TEST

Build 2

Test data were obtained at corrected speeds of 50, 60, 70, 80, and 90 per-
cent of design speed. While approaching a 95-percent speed point, an
irregular speed excursion was noted and the rig was shut down. Inspection
of the rig revealed that the leading edges of two rotor blades had sus-
tained damage, and the rig was disassembled for further inspection and
analysis,

The results of a complete inspection were as follows:

L)




a. Compressor rotor Blade Now, Condition
(Rec Figure 22) 13, 14 Leading edge tips bent,
pleces broken out of
leading edge at 0.65 to
0.80 {nch radial dis-
tance from hub

16 Leading edge slightly
buckled, crack at lead-
ing edge 0.65 inch
radial distance from hub

10, 11, 14 Very slightly buckled
17, 13 leading edge

b. Compressor rotor shroud (see Figure 3) - Rotor tips had rubbed
the abradable coating from a point in Jine with the rotor leading
edge to 0.120 inch downstream of the l~ading edge. Circumferen-
tial grooves up to approximateiy .025 i{nch deep were incurred in
the abradable coating in this area.

c. Other parts - No damage.
A review and analysis of this condition led to the following conclusions:

a. The blade damage occurred as a result of the localized leading-
edge rotor tip interference with the shroud.

b. The exact nature and cause ot the interfer:nce condition which
resulted in the damage have not been conclusively cstablished;
however, several explanations offer potential solutions. These
explanations are discussed below.

c. Testing of the rotor could be continued by providing a tip clear-
ance configuration which would ¢nsure no tip rubbing and by re-
moving cracked areds of the damaged blades.

d. The reworks indicated under item ¢ are not expected to cause
excessive degradation of pertormance; therefore, useful data
will be developed through continued testing of this rotor.

The excessive interterence can be explained as follows. Due to the conical
shroud, a rearward movement of any point on the rotor blade tip results in
a decreasing tip clearance. The shroud rurtace radius decreases .025 inch
in 0.100 inch axial distance. Consequently, under a flapplng mode blade
flutter, the leading-vdge tip section has a higher potential interference
with rhe shroud surface as it moves aft of the leading-edge plane. Jhe
blade flutter could be attributer to cither normal tip interference, or

the natural tlutter trequency excited by the compressor strut wakes at
sixth engine order, or surge {nstability. ‘The abradable coating on the
shroud was .019-.020 inch thick, and those blades which incurred the most
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damage may have hit the steel backing. It should also be noted that the
measured wedge angles of 2-1/2 degrees to 3 degrees for the leading-edge
sections of this rotor had lower internal damping to flutter than the
desired 4-degree wedge angles.

Three possible causes of the blade leading-edge damage are (1) excessive
interference of the tip with the shroud surface, (2) normal interference of
the tip with the abradable material but an abnormal abrading process, and
(3) foreign matter lodged at the tips. There is no evidence which points
to the latter two causes and therefore the first is the most likely cause.

Builds 3, 4, and 5

Test points were obtained as follows: for build 3 (design inlet guide vane
setting) at 50, 60, 73, 80, 85, 95, and 100 percent corrected speeds; for
build 4 (6 degrees closed inlet guide vane setting) at 60, 85, 90, 35, and
100 percent correctea speeds; and for build 5 (8 degrees open inlet guide
vane setting) at 60, 85, and90 ppercent corrected speeds. The surge line
wvas established for each of these three builds. At the corrected speeds
of 90, 95, and 100 percent, increasing the back pressure beyond the last
data point resulted in a transient condition under which the compressor
speed and airflow could not be stabilized and would drift into the region
of audible surge. It was noted that the exit total pressure continued to
increase from the last stable point to the poirnt of audible surge.

At 100 aud 95 percent speed peak pressure ratio settings, complete traverse
data could not be obtained with the traverse probe. The local blockage
area presented by the insertion of the probe influences the back-pressure
level and initiates a local surge condition before the probe is fully
extended to the hub.

The compressor and test rig operated satisfactorily throughout t'ie testing
of these three builds. Test points recorded during 23.5 hours of running
time accumulated for the three builds totalled 132,

Posttest disassembly and inspection of the test rig revealed no evidence of

deterioration. The condition of the rotor blades was unchanged fronn the
pretest condition for build 3, wich no evidence cf rotor tip rub.

TEST RESULTS

Performance Maps

Figures 25 through 28 present the perfoiwance maps for builds 2 through 5,
respectively. The map for build 3 (Figure 26), which represents the design
inlet guide vane setting, indicates a surge linc which provides a wider
operating margin than the predicted map.

The compressor maps for guide vane scttings of 6 degrees closed and 8
degrees open (Fip,ires 27 and 28) show o definfite change in the speed lines
between 60 and 95 percent spied. The closed setting results in a higher
pressure ratio and airflow for a given speed line, while the open setting
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Performance Map Rotor Test Data, Build 2.
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Performance Map Rotor Test Data, Build 5.
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results in a lower pressure ratio and lower airflow., These changes are on
the order of J percent. Figure 29 illustrates this variation,

Rotor Pressure Ratio

The peak pressure ratio achieved at 100 percent corrected speed for build 3
(design inlet guide vane setting) is 2.775 (Figure 26). This represents
the last stable test point and is based on the average rotor exit data.

The performance data indicate that at a given setting of the close-coupled
valve, used to back pressure the compressor, the back-pressure level varies
with circumferential location around the rotor exit. This condition is
attributed to the lack of diffusion in the collector housing, from the high
Mach number (approximately 0.9) high whirl angle (approximately 45 degrees)
rotor cxit flow conditions to the low Mach number uniform flow, before en-
tering the single outlet asymmetric exit duct leading to the close-coupled
valve. Figure 30 presents the variation in exit total pressure and temper-
ature as a function of circumferential location for the 100 percent speed,
build 3, peak pressure ratio data point. The circumferential variation in
total pressure is 3 percent; in total temperature, 0.4 percent. At the
location of peak circumferential variation a pressure ratio of 2.84:1 is
indicated at an 85 percent adiabatic efficiency.

Table II is a summary of the 90 and 100 percent speed peak pressure ratio
performance data for the five compressor builds. The 90 percent speed hub,
mean, and tip streamtube pressure ratios for build 2 are slightly lower
than those of build 1, but they are essentially in the same relationship
to each other. The build 1 point may represent a slightly higher back
pressure setting. The build 3 data point indicates a close comparison
with build 2 for the hub and mean streamtube pressure ratios, but the tip
streamtube pressure ratio indicates a significant degradation. This tip
performance degradation is attributed to the increased rotor tip clearance
and the cut-back rotor blades in build 3. Figure 31 presents a comparison
of 90 percent speed peak pressure ratio data for builds 1, 2, and 3.

The data indicate, therefore, that the compressor with the redesigned rotor
airfoil (rotor configuration 2) and a static tip clearance of .012 inch

can produce a8 rotor pressure ratio in excess of 2.84:1 when uniformly back
pressured, and thus it can meet the design goal of 2.89:1.

The part-speed rotor pressure ratios peak at values equal to or higher than
predicted.

Adiabatic Efficiency

The average adiabatic efficiency at the 100 percent speed peak pressure
ratio data point is 82.6 percent for build 3 (design inlet guide vane
setting).

At the location of the peak circumferential rotor exit pressure, the

abatic efficiency is 85 percent based on the exit total temperatures at
that location (Figure 30).
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The 90 percent upeed ctficlency data proacnted 1 Table 11 imlicate
slightly lover values for cach of the hub, scan, and tip streamtubes of
butld 2 than those of bulld 1, and may be attributed to & lover back-
pressure level for the build 2 data point, the tip efficiency of butld 3
fte significantly lower than that of builde | and 2, and the degradation is
attributed to the higher vutor tip clearance and cut-back rutor hlades of
build 3.

Based on the test Jata, and rotor adiabatic efficiency goal of 85,0 percent
can be met or exceeded with the redesipgned airfoil (rotor configuration 2)
and a static tip clearance of 0,12 inch when back pressured uniformly,

The part-speed peak rotor efficiencics are higher than predicted.

Corrected Airflow and Rotor Incidence

The measured corrected airflow at the 100 percent speed peak pressure ratio
point of build 3 {s 4.006 pounds per second, which meets the design goal of
4.0 pounds per second. The 90 percent speed corrected airflow presented in
Table II represents the wide-open throttle vdlues. The airflow does not
vary significantly as a function of pressure ratio in the region of wide-
open throttle for the speed range from 85 to 100 percent; therefore, the
measured data at wide-open throttle provide a good basis for comparing the
airflow variation between builds. The increase in airflow from build 1

to builds 2 and 3, which resulted from the blade redesign to the leading-
edge expansion angle and the thinner leading edges, is 5 percent at 90
percent speed.

The rotor inlet relative air angle for the 100 percent speed peak pressure
ratio point of build 3 is compared to the design air angle in Figure 32,
The modified incidence angle for this point is 2.3 degrees (Figure 33).

The incidence angle varies less than 0.2 degree along the 100 percent speed
line. The 100 percent speed conditions represent fully attached supersonic
flow over the entire span of the rotor blade leading edge. The fact that
the modified incidence angle remains essentially<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>