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FOREWORD

The test research program reported herein was conducted bv the Genera’
Electric Company under National Aeronautics and Space Administration, Lewis
kesearch Center, Contract NAS3-20605 and coaducted urder the cognizance of
W. Stevans and J. Adamczvk of the Lewis Research Center.

This test research program was conducted to investigate stall flutter by
providing detailed quantitative steady and unsteady aerodynamic and aero-
mechanical measurements in a typizal fan rotor. Both subsonic/transonic (tor-
sional mode) flutter and supersonic \flexural mode) flutter were lnvestigated.
The tests were conduzted in two builds: Build 1 tested during November, 1978;
Build 2, Tests 1 and 2 during March, 1979; and Build 2, Test 3 during January,
1980. This report documents the results of this program.

The authors would like to acknowledge the valuable assistance of L.W,
Kruger and Mike Chalfirn in the FFT acquisition and analysis of the test data,

of x.J. Klapproth in analyzing the test data, and of T.A. Dodd in preparing
data presented in this report.
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1.0 INTRODUCTION
—_—e

Ls blade instability or flutter of fan and compressor airfoils. Flutter
Lnvariably produces latolerable vibration levels that exceed the airfoil's
allowable fatigue strength, severely affecting engine 1jfe. Whenever flutter
ls present within the operational range of an airfoil, extensive design
modifications are necessary for production engines.

Avoiding blade flutter in gas turbines 1is always a primary goal for gas
turbine designers. Unfortunately, flutter prediction has not kept pace with
the overall advances and new requirements of turbomaciiinery design. This
has been true because of the complexity of flutter phenomena, which can be
characterized as a combination of aerodynamic and structural lnteractions
within a feedback system. As a result, the detailed flow mechanism in stall
flutter, to cite one example, remains ill-defined, a fact which has prevented
the development of a valid analytical model. 1In fact, present technical
achievements in the theoretical analysis of flutter problems are all the more
remarkable in view of the complexity of the problem involved,

Blade flutter, as it occurs in rotors, is a predominantly non-integral

per-rev blade response at one of the blade's natural frequencies, generally

in first flexural or first torsional modes. Usually, the amplitude of a
blade's vibratory response is fairly constant with fixed flow conditions when
flutter occurs alone, not in combination with other forms of blade excitation.
Due to the complexity of the unsteady aerodynamics, however, the exact detajils
of how aerodynamic forces generated by the blade motion do work on the blade
system over a given vibratory cycle have not been adequately determined.

Because there is no valid analytical method for predicting flutter bound-
aries, the industry has used various semi-empirical methods. These methods
vary in detail but are often similar in concept: the flutter boundary is
experimentally determined on each of several experimental rotors in terms of
basic rotor parameters, This composite is then used to predict the flutter
boundary for the new designs. Although this method has been relatively suc-
cessful for parameters within the range of experience, it does not provide
a basic understanding of the flutter mechanisms.

Semi-empirical techniques depend on the analytical models of the flutter
mechanism to establish the "primary" parameters against which flutter exper-
lence 1is intevpreted. Therefore, these techniques can be influenced by the
same interent limitations of the analytical model on which thev are based,
Obviously, an improved analytical representation would result in better semi-
empirical techniques and should lead to direct analytical methods with poten-
tial for developing design criteria for preventing flutter,

The specific objectives of this program were to obtain detailed measure-
ments of both the steady and unsteady flowfields surrounding the rotor, and to
determine the mechanical state of the rotor while it was operating in both the




-,

steady and flutter modes. This data could then be used to formulate empirical
and semlempirical correlations for predicting the onset of stall flutter in
hiigh-speed axial flow rotors.

1.1 PROGRAM DESCRIPTION

This flutter research program was initiated to investigate stall flutter
by providing detaijled quantitative steady and unsteady aerodynamic and aero-
mechanical measurements of a typical fan rotor. Both subsonic/transonic

torsional mode flutter and ~upersonic flexural mode flutter were investi-
gated.

The rotor configuration chosen for this program is a 31.2 percent geomet-
ric scale model of the Quiet Engine Program (QEP) Fan C, Build 3 design (Ref-
erence 1). Figure 1 provides a comparison of the scale model rotating rig
fan blade with the full scale Fan C blade. The model blade is an exact geo-
metrical scale of the original fan, the major aerodynamic design features
of which are shown in Table I. The scaled fan blade resulted in a 54.35 cnm
(21.4 inch) tip diameter with a design pressure ratio of 1.61 and a correctad
airflow of 40.8 kg/sec (89.9 lb/sec). The test facility in which this rotor
was tested is described in Section 3.0.

Both conventional and innovative instrumentation methods were used to
measura the steady and unsteady flowfields and the mechanical state in and

around the test rotor. The instrumentation details are described in Section
4.0.

The testing in this program was handled in a total of three tests using
two separate Builds. This approach was taken in order to meet all the objec-

tives outlined for the program and to acquire all the necessary data from the
Instrumentation.

Build 1 consisted of two tests:

l. The first was a mechanical checkout. Tne vehicle's soundness was
determined by monitoring vibrations in the blade system throughout
the speed and throttle ranges defined for the test program.

2. The second was an aerodynamic performance test which completely
defined stall and flutter boundaries.

duild 2 was the special Instrumentation test. The program's fundamental
research activities were conducted during this phase of the program. All
of the aerodynamic and mechanical unsteady data were obtained during the
testing of Build 2. The original plan called for the investigation of
fifteen data points during this phase - three data points (for three
levels of flutter penetration) on each of five different speed lines
However, the plans were changed when flutter penetration caused the
blade's vibratory stresses to lacrease rapidly until the blades were In
jeopardy of failure. The data points where unsteady data were obtained
are shown on the rotor performance map in Figure 2.

L]
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Figure 1. Comparison of Rotating Rig Fan Blade with Full

Scale Fan C Blade.




Table I. Full Fan C Aerodynamic

Design Features.

Corrected rotor tip speed
Inlet hub-tip radius ratio
Rotor inlet tip diameter

Corrected airflow

Inlet corrected flow/annulus area 201.6 kg/sec-m2 (41.3 lbm/sec-ft2)

Bypass ratio

Bypass stream total-pressure ratio
Core stream total-pressure ratio
Rotor aspect ratio

Rotor solidity, tip

Rotor solidity, hub

Number of rotor blades

Rotor tip diffusion factor

Number of bypass stream OGV's
Number of core stream OGV's (tandem airfoil)
Design relative tip Mach number

Design speed, rpm

472.4 m/sec (1550 ft/sec)
0.36
1.73 m (68.30 in)

415 kg/sec (915 lbm/sec)

5.0
1.60
1.49
2.09
1.40
2.45
26
0.325
60
60
1.52

5200

u)
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2.0 TEST VEHICLE DESCRIPTION

The rotor stage selected for this experimental research program was Fan C
from the NASA Quiet Engine Program (QEP), Reference 1. The fan rotor tested
on this program was a 31.3 percent scale of the full scale single stage fan.

The design characteristics for the scale model fan are summarized in Table
II.

The rotating rig test vehicle included a cantilevered, singl -s-age fan
rotor system with a split discharge tlowpath configuration, see Flgure 3,
Major control features included (1) a variable discharge vane row in the bypass
duct to control the vehicle bypass ratio and, further downstream, (2) a facil-

1ty discharge valve to throttle the fan above the design operating line to
stall and flutter.

The overall test arrangement was comprised of the following features
(see Figure 3):

° an inlet screen and a bellmouth cylindrical inlet,

® a fan module, flow splitter, fan bypass discharge valve, and fan
discharge frame,

° @ sump and drive shaft system, and
° a facility discharge mechanism.

The fan module was an exact scale of the Fan C system including the rotor
blade-disk system, the core and bypass outler guide vanes (0GV's), the flow-
path casings, and the rotating spinner,

The fan stationary components were mounted on the forward end of the fan
discharge frame, a boilerplate structure which provided primary support for
the test vehicle. The inlet bellmouth and flow measurement section were
supported separately. They were mechanically decoupled as a unit from the
basic vehicle by a silicone rubber O-ring. For easy access to the rotor, the

fan rotor casing was a split casing consisting of two 180° segments jointed by
axial flanges at the horizontal centerline.

The rotor contained 26 titanium blades with integrally machined platforms,
a straight shank, and a single tang dovetail. The pressure faces of the dove-
tails were protected from fretting by an application of copper-nickel-indium

coating. The blades were retained in positior by an aft ring which locks the
blades in the disk.




Table IT. Rotating Rig Design Characteristics.

Corrected rotor tip speed 472.4 m/sec (1550 ft/sec)
Inlet hub—tip radius ratio inlet 0.36
Rotor inlet tip diameter 53.80 cm (21.18 1in)

Corrected airflow 40.74 kg/sec (89.81 lbu/sec)

Inlet corrected flow/annulus area 201.6 kg/sec-m? (41.3 lbm/sec—£t2)

Bypass ratio 5.0
Bypass stream total-pressure ratio .60
Core stream total-pressure ratio .49
Rotor aspect ratio .09
Rotor solidityv, tip .40
Rotor solidity, hub 2.45
Number of rotor blades 26
Rotor tip diffusion factor

Number of bypass stream OGV's

Number of core stream OGV's

Design relative tip Mach number

Design speed, rpm
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2.1 AERODYNAMIC DESIGN

The scale model fan rotor tested in the rotating rig vehicle was an exact
geometric scale of the NaSA Quiet Engine Program Tan C Build 3 single-stage
fan. The scaling factor was determined as a ratio of the tip diameters
(21.4/68.3 = 0.3133). Fan C was designed as a nigh speed, lightly loaded,
high bypass ratio fan with a low hub-to-tip radius ratio and large axial
spacing between the rotor and bvpass OGV's to reduce noise. In the Build 3
configuration, the part-span shrouds were removed and the blades were twisted
closed, resulting in improved aerodynamic performance. However, significant
stall flutrer was encountered below the aerodynamic stall line. Full details
of the Fan C test progran are given in Reference 1.

The aerodynamic design point for the scale model test vehicle was chcsen
to match 2 measured operating point at 100 percent corrected speed taken during
the full scale Fan C Build 3 component test. At this point, the measured flow
conditions were nearly equivalent to the Fan C design objectives. The scaled
total fan flow was 40.8 kg/sec (89.9 lbm/sec), and the bvpass stream stage
pressure ratio was |.6l with a stage adiabatic efficiency of 83.9 percent
(slTightly less than the measured peak efficiency at speed). The core flow
stage pressure ratio was 1.500. The vector diagrams obtained bv an axisvm-
metric modeling of the full scale fan's measured flow properties were
duplicated in the scale model rotating rig from the fan rotor inlet to down-
stream of the flow splitter in the vicinity of the outlet guide vanes.

Design stream-sur faces were established through the rotor along which flow
area distributions were determined for use in subsequent blade element data
analvses.

Although the bvpass and core OCV's were not exact scales of the Fan C
geometry, they were designed to perform similarly so as to preserve the rotor
aerodynamics while transitioning the flow smoothly into the test facility
discharge valves. The Scale Model Compressor Test Facility, as discussed in
Section 3.0, incorporated a single discharge valve rather than the separate
discharge valves used bv Fan C for both bvpass and core streams. [a order to
set the bypass ratio, a ring of moveable vanes was iastalled behind the bvpass
UGV's to be used as a trimmer adjustment to the bvpass flow rate. The main
discharge valve was used to set the overall operat.ing line; see Figures 3.

The major aerodvnamic factor that cannot be scaled exactly except hv
testing the model at impractical inlet pressures is the Revaolds number.
The effects of Revnolds number on eftficiency and stall marcin are known
to be quite small 17 the absolute level of the scale model's Rewnolds number
is greater than 3 < 102, Revnolds numbers for the scale mode! fan are

S 102 at A0 percent soeed and 11 x 100 at 100 percent speed, hich enogaeh
toassure aerodvaamic performance similaritw,

2.2 MECHANICAL DESIGN

The votor for this program was a 31.3 perceat scale of the NASA OEP Fan ¢
Build 3. The aerodvnamic design was maintainedi by incorporating an exact geo-
metrical scale of the airfoil shape, including tolerances, surface fin 5, and




tip clearance. The mechanical design of the rotor blades consisted of the same
material (TL 6-6-2) and exact scales of platforms, shank and dovetail configy-
rations, airfoil o shank offset, etc. The rotor disk was sized to nrovide

thie exact scale of overall rotor stiffness and was made of rYe same material,
D6AC steel.

The aeroelastic parameters were also scaled from the orizinal rator,
Their Campbel] diagrams are ldentical since trequency and speed scale Hv the
fame factor, Therefore, resonant Crossovers occur at tdentical percent speeds
for both fan sizes, Likewise, reduced velocities are consistent as g function
of speed, Mach number, and incidence angle. Blade untwist due to centrifugal
loads and air loads are directly scalable effects. Table ITI summarizes the
airfoil mechanical parameters.,
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Table III.

Fan Blade Mechanical Summarv.

No. of Stages
Biade Type
Material

Nb

DiaTip

Lsa

(Ry/Re )L

Chord: Root
Tip

Aspect Ratio (Root)

tm/c: Rgot
Tip

Stagger: Root
fip

Camber: Root
Tip

Solidity: Root
Tip

1

Cantilever

Ti 6-6-2
26
53.14 em (20.92 in)
15.49 cm (6.099 in)
0.36
6.46 cm  (2.544 in)
8.92 cm (3.510 1in)
2.40
0.114
0.027
6.47 deg
71.11 deg
91.098 deg
-1.664 deg
2.414
1.389




3.0 TEST FACILITY

3.1 GENERAL

The stall flutter test program was coaducted at the General Electric Co.
(Evendale, Ohio) in Cell A9 of the Component Test Facility, located in Build-
ing 303. The equipment room and test tanks are located on the first floor of
the two-story structure, while the control room and data recording center are
located on the second floor. The tast facility consists of three tanks, each
3.05m (10 ft.) in diameter by 8.23m (27 ft.) long, which are mounted horizon-
tally and intercounected as shown in rigure 4. The two outside tanks, East
and West, are the test chambers, serving as the inlet plenum chamber and hous-
ing the test compressor unit, the facilicy throttle valve, and the test com-
pressor after-coolers. This flutter investigation test program was conducted
in the West tank., The cent-r tank, called the booster tank, houses the
booster compressor, bhooster compressor after-coolers, boostev bvpass valve,
and flow measuring seccvions (four calibrated venturies).

The facilitv's power is supplied by a 3.356 M Watt (4500 HP) electric
motor operated in parallel with a 61 cm (24 in.) diameter single stage 'mon-
constant work' high-pressure turblne to provide up to 6.338 M Watt (8500 HP)

at 20,000 rpn.

This test program was conducted in the open cycle (ambient condition)
mode. In this mode, cooling air was provided to the West tank by diverting
the hizh pressure turbine discharge air into the test chamber, as shown in
Figure 5, to maintain a constant inlet temperature of 15.6° C (60° F).

An i1nlet filter system was lncorporated to minimize erosion and con-
tamination of the instrumentation systems.

3.2 DATA ACQUISITION

On this program, data was acauired wirh analog and digital data recording
svstems, and with on-line photographic equipment.

3.2.1 Aerodynamic Performancc Data

The Digital Recording Svstem, which i1s part of the overall svstem for
acquiriag performance data, was used to obtain steadv-state performanc- meas-
urements. On-line processing of pertformance data was pivovided by a data
transmission link between the test cell digital svstem and the computer (GE
A35) in the Incstrumentation Data Room. Prior to performance calenlations,
all data was ave-aged, converted to engineering units, error-c=2sted for pre-

lmfined limit tolerances, and then printed and stored ir a data bank svsroem.
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A Burr-Brown Analog Computer system was primarily used to provide on=
line computations and monitoring of weight flow and pressure ratio., These

real-time parameters were especially valuable in setting desired test condi-
tions.

Sanborn recorders were used to provide a permanent chart of transient
data. In additiorn to aerodynamic parameters, the Sanborn system was also
used to monitor system vibration accelerometers for vehicle safety.

Unsteady data from stationary instrumentation was recorded on analog

magnetic tape operated at 152.4 cm (60 in) per second to obtain the high
frequency content of the signals.

3.2.2 Aeromechanical Data

The data acquisition system for dynamic stress signals consists of a
28-channel tape recorder with a selector switch providing either AM or F4
playback, plus signal conditioning pre- amplifiers, oscilloscopes, and
spectrum analyzers.

To record all the instrumentation measurements, four complete systems
were used on this program:

1. Data from rotating instrumentation, such as strain gages and blade-
mounted hot films and kulites, was analog recorded at 76.2 cm (30
in) per second.

This data was also digitized via the FFT/computer system and stored
on disk for post-test analysis. The FFT/computer system has two
on-line modes of operation: the gapped data mode which provides
continuous real-time processing and display of data, and the contin-
uous data mode which allows the data to be digitized and written to
computer disk. Some of the data was processed on- -line in real time,

but to minimize expensive test time, all of the data was digitized
and stored on disk.

Blade deformation data was monitored on-line and recorded on analog
magnetic tape.

The steady deformations were recorded primarily by photographs, and
the unsteady deformations were digitized and stored on disk for post-
test processing.




4.0 INSTRUMENTATION

determine the steady and unsteady aerodynamic ang deromechanical characterig-
tics of a rotor blade operating in both subsonic and supersonic stgall] flutter
and in stable conditions,

on each test apd what parametersg were measuredq. Basic positioning of this
Instrumentat joq within the test vehicle is shown in Figure 6,

4.2 STEADY~STATE AERODYNAMIC PERFORMANCE INSTRUMENTATION

rotor. The traversable rakes were also used to measure floyw angle aft of the
rotor,

Traverse data was taken only on Build 1, becauge 4 comparison of the
fixed and traversable rake data showed them to be jgp good agreement . As a

A summary of the locations of the steady state instrumentntion 1s pro-
vided in Table V, for the static pressuyre taps in Table VI, for the static
inlet rake Immersions ip Table VIL, and for the Steady-state traverse probeg
and rake lmmersions ip Table VIII, These locations are also shown jn the
instrumentation drawing of Figure 6

4.3 UNSTEADY AERODYNAMIC INSTRUMENTATION

Aerodynami ¢ unsteady or time-varying characteristicg forward and af¢ of
the rotor, on the airfoil surface, and oq the casing over the blade tip were
Measured with blade~mounted sensors, casiag-mounted sensors, and traversable
dynamic probeg,

(PT)AC around the airfojl, The heated thin film anemometers algg, provided
additional qualitat ive chordwi se unsteady flow characterigticg - flow separa-
tion on the airfoil and velocity variations within a hlade passage,

. @ o
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Table VI. Static Pressure Tap Locations.
z !
Axial |
Location Circumferential
cm (in) Location, ALF-CW

-61.0 (-24.0)
-57.2 (-22.5)

-38.1 (~15.0) 30°
-25.4  (-10.0) 30°
Inlet Duct -8.4 (-3.3) 55°
~11.55 (~4.704) 0*
-7.48  (~2.945) 0*
-4.85  (-1.911) 0°
-2.23  (-0.877) 0°
-1.27  (-0.50) 0*, 72°, 144°, 216°, 288"
0.00 (0.00) 0°
Fan Inlet 0.66  (0.25) 0*
1.47  (0.58) 0*
1.83  (0.72) 0*
2.21  (0.87) 0
2.59  (1.02) 0°
2,97 (1.17) 0°
Above Rotor 3.35  (1.32) 0*
3.73  (1.47) 0°
411 (1.62) 0°
4.50 (1.77) 0
4.88  (1.92) 0

Fan Exit
Bypass Duct 0.D.

10.67 (4.199)

15%, 105°, 195°, 285°

22.62 (8.90%) 40°, 100°%, 160°, 220°, 28C", 340°
Bypass 26.42 (10.40) 99°, 219°, 339°
OGV Exit 0.D.
Fan Exit 10.67 (4.199) 105, 300°
Bypass Duct I.D. 22.62 (8.906) 40°, 100°, 160%, 220", 280", 340°
Bypass OGV 26.67 (10.50) 99°, 219°, 339°
Exit 1.D.
Fan Exit 12.58 (4.951) | 30°, 90°, 150°, 210°, 270°, 330°
Core Duct 0.D.
Core OGV 18.03 (7.10) 105°, 225°, 345°
Exit 0.D.
Core 32.26 (12.70) 105°, 225°, 345°
Exit 0.D.
Fan Exit 12.58 (4.951) 30°, 90°, 150°, 210°, 270°, 330°

Core Duct I.D.

Core OGV 18.03 (7.10) 105°, 225°, 345°
Exit I.D. [

Core . 32.26 (12.70) © 105°, 225°, 345°
Exit I.D. !




Table VII. Pitor 3tatic Inlet Rake Immersions.

} z
| Axial
L‘, Radius Percent™ Locatior.
Immersion ‘ cm (in) Immersion cm (in)
T
= A | 25.631} (10.091) 4,27 *57.1501 (-22.500) ,
=~ B ) 23.1931 (9.131) 13.38 =56.672 1 (-22.312) :
= C ! 20.447| (8.050) 23.63 ‘56.195? (=22.124)
|
D ‘ 17.275} (6.801) 35.48 =55.717 | (-21.936)
E i 13.388] (5.271) ‘ 50.00 =55.240 | (-21.748) ’
- ‘ ' o |
F o 7.728) Guosl) L 71s ~54.762 | (=21.560)
. |
| | ! .

* .
From the outer casing
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The blade-mounted Kulites were positioned to surveyv two radial stations,
37.5 and 75 percent span, with four Kulites on each of tour Slades. The
lnstrumented blades were paired so as to measure data oq the adjacent suction
(coavex) and pressure {concave) airfoil surfaces faciag one <ommon flowstream,
Figure 7 snows chnordwise locations of the blade-mounted Kulites along with the
clreumferential positioas of :he four Kulite instrumented blades.

Problems were encountered with these Kulites due to the technique used te
mount them vn the blade, Consequentlv, a.development program was conducted to
alter the blade mounting technique for the Kulites to improve their response
by reducing their induced strain sensitivity and to maintain more adequate
sensor life in a centrifugal field. This new mounting technique is discussed
ln Sectiocn 4.3.1,

Blade-mounted heated thia film Sefsors were applied at one radial posi-
tion, 87.5 percent sban, on two blades facing the same flowstream. Figure 8
shows how the sensors were distriduted. One sensor on each blade had a common
chordwise location (at the leading edge) and the remaining sensors were alter-
nat=lv spaced as 1 function of percent chord from the leading edge. Figure 3
also Jdepicts the circumferential locatiosn of the hot fiim blades,

Twelive casliazg-mounted f13n frequeacv dvnamic pressure tiransducers
(Kulites) located zbove the rotor blade tip were installed on twou axia. liaes
staggered as specified in Table IX and depicted in Figure 9 relative to the
cold blade tip position. These Kulites were used to investigate the shock
structures and their effects on the local Soundary laver. Of the twelve
casing-mounted Kulites usvd, three were located at the fan tolet, eizht over
the blade tip, and ovne directly aft of the fan rotor,

A statilc pressare tap was installed at the same axial station as each
Kulite to provide a reference level of the DC component of staiic praussure
for each Kulite.

A 3-element traversabie Kulite probe (Pr vaw) was used to Mmeasure the
magnitude o€ instantaneous total unsteady pressure beh.nd Lhe rotacing stage.
[n addition, steadv (DC) transducers provideda parallel Measurements soma dis-
tance along the total pressure tupe from the element inlet, The LC outer ele-
Beats were used to set the orientation angle of the probe for each radial
immersion, which is held at 3 constant DC value. The location of this proube
is shown ia Figure A and in Table X alsng with the seven ragdglial immersions.

y Blue Ball (Pr) dvnamic Pressure probe was used as a replacement for the Prp
vaw probe when the Kulite olements fajled, The Blue Ball prooe has no VAw
capabilityv but is r2latively insensitive to flow angle varitations, This probhu
was installed at the same location as the P viw niobe,

Two x-arrav, traversable, heated thin-film anemometer pProbes werse used t,
Mtain two-dimensional fluid flow inforrmation., Thege probes measurad the mass
flux in tne axial toVz) and 1n the circumferential (tangent ial) lirwection
(ove) at the seven ridial immersions Ziven in Table X, 0Ope X=arrav probe was
ivcated fyrward and one aft of the rotor as shown in Figurz h and Table X. The
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Table IX.

Casing-Mounted Kulite Locations.

Z
Axlal,
Location Circumferential
cm i (in) Locaticn , ALF - Cw
0.00  (0.0) 8° + d
Fan Inlet 0.64 (0.25) 8° - 4
1.47  (0.58) 8° + 4
1.33 (0.72) 8° + d
2.21 (0.87) 8° - 4
2,59 (1.02) 8° + d
j 2.97 (l1.17) 8° - d
! Above Rotor 3.35  (1.32) 3° . 4
j 3,73 (1.47) 3% - 4
i +.11 (l.62) 8° « d
‘ 450 (1.77) 3° -4
I
| Fan Exit +.88 (1.92) 8° + 4
L, Bvpass Duct
4= I TN
(Y OV S ey '
-0.762 cm +0.762 ¢m © e

(+0.300 in)

——Kulite Mounting
Pad

Outer Casing




1703 T 7079 (709)

(708) (710)

54(0.25) 122(0.48) '75(0.30}’9<?-51> 76(0.30
Leading 38 38
Edge (0.15){(0.15)
I

Stacking
Axis

Tip Chord = 3.9 (3.51)

cold Stagzeer =

Rotation

D

Fivure 9, Casing-Mounted Kulite
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probe's output is an instantaneous analog voltage level as measured bv the two
orthogonal wires of the probe. From these measurements, steady time-averaged
values of mass flux were obtained and unsteady values determined from the
perturbation about the steady values.

4.3.1 Blade-Mounted Kulite Senso; Calibration

During initial testing with the rotating rig, the Kulites were simply
epoxied into countersunk holes in the blades. Unfortunately, this application
technique made the Kulites extremely sensitive to mechanical strain induced by
blade vibration.

Ia response to this problem, an improved technique for installing Kulite
sensors was developed. The Kulite transducer is attached with epoxy to a
glass tube which is isolated from the blade with RTV as shown in Figure 10,
About 10 percent of the glass tube is epoxied to the blade, which maintains
reasonable operating reliabity in a centrifugal field while minimiziag the
influence of the blade strain. Table XI lists the bench test calibration
results with this new application along with those of the original application
method. Strain sensitivity in the first flexural mode was reduced to within
the measurement accuracy obtainable in the laboratory. But for the first
torsional mode, the strain sensitivity remains significant ~ even after con-
sideration of transverse g-loading effects which are much greater in torsion
than in flexure due to the higher vibratory frequency. Moreover, the sensors
were oriented in the airfoil to minimize strain sensitivity in the flexural
modes. This may be the major factor coantributing to the high torsional strain
sensitivity

[n summary, the new installation technique for the blade-mounted Kulite
sensors successfully reduced their sensitivity to mechanical strain induced by
the blade's flexural vibration. It worked somewhat less successfully in the
first torsional mode.

4.4 AEROMECHANICAL INSTRUMENTATION

4.4,.1 Blade Deformation Instrumentation

The primary objective of the blade deformation measurements made during
this program was to determine the tiwe-averaged (steady) and unsteady changes
in stagger (untwist) and camber (chordwise bending) of the test stage while it
operated at the onset of instability and while it was in instability., These
measurements were made with bifurcated fiber optic scanners (light probes)
mounted in the casing. A total of 14 sensors of three different tvpes were
utilized to obtain complete airfoil deformations. The locations of these
light probes are shown in Figure 6 and schematically depicted in Figure 11,

Eight of the light probes were located on the casing over the blade tip
section and aligned with the calculated 100 percent speed blade tip stagger
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Table XI.

Results of Blade-Mounted Kulite Laboratory Calibrations.

|

L

’ g Kulite
Spanwise | cC - A B cC D
Blade Locationi Freq.| CX A B C - | D
No. (Surface)] Mode | (Hz) % e 8% 20% 40% 50% 07
a. Former Installation Technique
2 5% s } IF | 120 0.052 | 0.052 | 0.110 - 0.178
(cx) I 2F | 394 0.345 | 0.391 | 0.616 - 1.00 |
1T | 878 0.256 | 0.216 | 0.216 - 0.360 | 3
| @
3 75% s ) IF ; 124 - ] 0.188| 0.009| 0.014 | 0.058 .
(cc) | 2F | 402 ! - 0.57L | 0.072 1 0.008 | 0.284 | 3
| 1T | 890 | - 0.506 | 0.101 | 0.245 | 0.182] &
L 1 87.5%s  1F ' 122 | | 0.061 - 0.024 -, 0.220 =
- (ex) C2F 400 . 0.784 - 0.158 - | 0.761 =
It 910 0.354 - 0.179 - J 0.514 |
; ; "
|
4 1 87.5% s L IF ' 120 | - 0.038 | 0.007 | 0.056 ; 0.013
Cco) | aF 1 o3ss | - | 0.008 | 0.055| 0.077 | 0.133
y 1 IT | 874 - 0.050 | 0.204 | 0.071 J 0.146
b. Current Installation Technique
I | [ -
2 | 7sts | 1F | 120 1€0.02 [<0.02 {<0.02 - | <0.02 ®
C(Cx) f IT | 880 | 0.226 | 0.062 | 0.064 - | o0.072] =
I e
! ! —
30 75%s | 1F 0 o122 - l<0.02 [<0.02 | <0.02 J 0.02 | 3
L (co | T 888 | T 013 0.02 | 0.032 | o0.08 | &
t I ' i I i b
! ! ; @
1 87.5%'s _ 1F 118 | <0.02 1<0.02 [<0.02 | - i <0.02
C(ex) 1T . 900 ¢ - 0.191 f o164 | 0,062 | - | 9062
: s ! |
4 0 87.5%7 s ] IF | 116 ' = 1<0.02 1<0.02 | 0.023 ! <0.02
. (co) 1T 874 - 0.065 | 0.050 | 0.024 | 0.050
l ; i | | |
Note: Kulite response normalized to 6.89 N/cmZ (10.0 psi)
31
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angle. This allowed for the measurement of blade tangential displacement from
which the blade tip untwist and chordwise bending could be calculated. Two
axial deformation light probes were Incorporated in the casing over the blade
tip leading edge to measure the time averaged axial location of the rotor blade
tip leading edge. Two laser light probes were located on the casing forward
of the rotor to measure the leading edge deformations at 60 and 87.5 percent
span locations with two 16 mm (0.0625 in) reflective targets strips located on
the blade convex (suction) side. Two laser light probes were also located on
the casing aft of the rotor to measure the trailing edge deformations at 60
and 87.5 percent span locations with two similar reflective targets strips
loc:zed on the concave (pressure) side of the blades. The laser light probe
systems were incorporated to measure blade untwist at the selected spanwi se
locations. Posttest measurements showed the lasers to intersect the blades at
57.2 and 78.9 percent span.

4.4.2 Dynamic Strain Gages

The rotor was instrumented with 26 dynamic strain gages, one on each
blade at the same location - near the leading edge at about 15 percent span
from the blade root on the pressure (concave) side, as shown in Figure 12,
For reference, Figure 13 shows the circumferential location of each blade
identified by their serial number, strain gage item number, and rotor slot
location.

The gages were located to be sensitive to the first three modes of vibra-
tlon most representative of flutter. These gages were used for safety moni-
toring as well as for measuring such blade dynamic chavacteristics as fre-
quency, vibratory stress amplitude, rotor modal content, and phase angle at
selected operating conditions. Blade-to-blade phasing was obtained while
operating at the onset of and within instability for selected data points,
Strain gage signals were continuously monitored and recorded throughout each
test.

The strain gages were used as the fundamental basis of identifying flut-
ter, making general diagnoses, establishing a reference for comparison of other
mechanical and aerodynamic data, and for immediate interpretations allowing
control of test conduct and test safety.

4.5 ROTOR POSITION INSTRUMENTATION

An accurate rotor position signal is required for timing and data corre-
lation purposes for the analysis of the data obtained from the aforementioned
special instrumentation. The timing signal (1/rev) was obtained from one of
the four magnetic pickups located at the rotor hub seal as shown in Figure 6.
Figure 14 shows their circumferential locations. The 1/rev signal was then
transmitted to an electronic shaft angle encoder which can generate any user-
selectable number of pulses (between | and 99,999) in the time interval
between successive l/rev pulses. Here the snaft encoder was used to generate
the 26/rev, or 1/blade, signals.
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Figure 12, Rotor Blade Strain Gage Location.
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5.6 DATA ANALYSIS PROCEDURES

This section discusses the data acquisition and aralvsis procedurss used
to obtain quantitative data for both (1) rne steady and unsceady flowfield
surrounding the fan rotor and (2) tne rotor's mechanical state in both the
steadvy and flutter modes of operation.

The principal datn analvsis trol used for this program was the FFT/com-
puter svstem. In addition to on-line analog-to-digital conversion and disk
storage of test data for post-teat processing, the FFT/computer svstem pro-
vided spectral analvses of the data using the w2ll known fast Fourier trans-
form (FFT). The spectral analvses include gena2rating the direct Fourier
transform (DFT), the inverse Fourier transform (IFT), the power or auty
Spectrum, and the cross spectrum. (It should be aoted that the term "linear
spectrun”, used throughout this report, refers to the square voot of the auto
spectrum.)

5.1 STEADY AERUDYNAMIC PURFOKMANCE DATA

Measured ddata needed to calculate the overall performance and blade ele-
dent data of the scaled Fan € rotor wers obtaiined from the fixed and travers-
able instrumentation described in Section 4.0.

5.1.1 Calculations of Overall Fan Performance

Performance data for the hbvpass stream were obtained by measuring total
Pressu-e and total temperature with instruments located in the inlet duct and
with three 7-element radial rakes located on the leading edge of the hvpass
ZGV's (see Figure ). Perfyrmance data for the core stream were obtained by
measuring total pressure and total temperatura with the ialet duct instruments
arnd with three 4-element radial rakes located in front of the core NCV's
(see Figure 6),

Fan stage bvpass performance was estima.ed for the Rotating Rig. Instry-
mentation was not used renind the bvpass CGV to measure flow losses, As a
~ r2sult, a representative radial distribution was assumed for the value of the
bypass UGV loss coefficient, This distribation corresponded to Fan € measurad
values in the iatermediate operatineg range between peak efficiency and stal!
tlutter.

[nlet properties wers determined from measarement s of total temperat.are,
total Pressure, static pressure, and water-ailr ratin, Total Femperatare tras
d>fined oy the arithmetic average of roadings from the Inlas screen Phormo-
couplaes, corraected for static-wire calibration factHrs.  Total and statie
pressures wera defined by the arithmetic average of the readings from the fogr
b-element radial inlet rakes. Thernodvnami. relationships and roal gas prop-

2rties were used to compute stagnation enthalpy, inlet phi-function, and inle.
flow,




Kotor exit properties at Jdlscrete Immersions wer: deternined from wea-
surements Of total temperatuie, total pressure, and flowpath surface staric
pressures. The total f2mperature and total pressure were Jdefined by the arith-
metic averdge of the readings from the three rake elements at =2ach immersion.
The statl: pressure was based on a radial linear interpolation between arith-
metically averayed hub and :casing static tap readings. Corrections wer= made
to the average temperatures for static-wire factors and Mach number efrfects.
Thermodvnamic relationships and r 4! 2zas properties were used to find values
of stagnation en-halpy (actual and i7-al), exit phi-functions, velocity, and
densityv at each immersion. The local mass flow associated with each immersion

N was calculated with an effective flow area consistent with the static pressure .
level.

Rot,r exit properties were mass-averaged usine the local immersion values.
Specifically, the following properties were computed in both the bvpass and
core streams: actual stagnation enthalpv, ideal stagnation eanthalpv, and exit
phi-function. From tuese properties the rotor performance parameters of
adiabatic efficlency and rotor total pressure ratio were calculated.

Flow was deternlned Dy o sumaing tae local Immersion tlows ar each of the
taree calcuiation planes. Core stream fiow was also computed at the core duct
2X10 from the arithmetic averiage values Hf pressure and temperature. Total
fan tlow was independently measured v tae facility veanturi flowmeters.

dvpass ratio was calculared from the core duct exit flow and the integrated
1nlet rake flow.

5.1.2 Calcutations of Blade Element Data

Blade clement data were computed in basically the same manner as done Ln
the NASA/GE ATT Fan Program, Reference 2. Blade element sections were chosen
parall=1 t5 the calculation stream surfaces of the scale model design peint at
100 percent corvacted speed.  These sections passed through specified immer-
sions Jdefined as a percentage of the average bSlade height.,  For the bvpass
str2am, the selacted immersions were 3, 10, 15, 30, 50, 60, and 70 percent
annulus from the blade tin, and tor the core stream, the immersions were &0,
25, 90, and 95 perceunt.

Rotor blade element lata were calculated using an axisymmetric streamiine
analwvsis procedura,  This method used the measured radial distribations of \
trtal temperature and total pressare obtained from the fixed rakes, hoth for- ¢
warl and are of the rotar, nlus some wall static pressure measurements, *»
caloalate all other flaid properties and vector diagram parameters on asi-
svmmet ric stream surfices,  The analvsis itteratively selectod <ireamline
sitope, curvatare, and streamline radial position at oach caleulation s 4t ion
g Eoosatisty the equations of coatinuity, enerze, and radial equilibriam,  The
assaned axital distribations of affective-area coefticieats (or hinckagos:
aeeded by the analvsis were tartial ly chosen individually to mat-n the wal'
statie pressare data ot ecach reading. whien oo osabstantial difterencees 1o
these distributions were found among the first eighteen roadinus, 1 constant
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set of values was used. The assumed duct losses in total Pressure xnown to
exist between the hlade edges and the measurement planes were Coafined to the
fluid near the flowpath walls, and the values were based on limited data from
the boundary layer rake and cobra traverse probe. Chordwise 1istributions of
relative total pressure luss and work input throvgh the fan rotor were selected
by matching che measured axial static pressure distribution at the far. tip, and
transitioning intv quarter-sine wave distributions across the subsonic hub sec-
tions. Fluid properties at the rotor trailing edge were made continuous across
the splitter stream!ine, so smooth blending was required between bvpass stream
data and core stream data. Figure 14 illustrates how the analysis modeled the
measured data, showing radial profiles of total pressure and temperature for
the four data points analyzed along the 95 percent speed line. The profiles
dre not continuous between byvpass and core streams because the plotted values
come from the measurcment plares, which are separated by the splitter. The
etftects of throttling, which are more pronounced in the fan tip region, are
apparent.

A second method of calculating blade olement data was used for the five
data peints of Build | for which traverse probe measurements of flow angle and
STALLC pressure were obtaiied. This method had sutficient datra available r,
determine all fluid properties and vector diagram parameters at the measiurement
planes without a streamline analysis, hence, it was used to verify the results
Of the first method. The data was translated from fiedasurement planes to blade
2dges by applving contlnulty, conservation of energy, and conservation of
moment of tangential momentum along stream surfaces similar to those used in
the streamline analysis. The results obtained with both methods are compar«d
in Figure 15 for a sample reading, the rear-flutter point at 70 percent cor-
rected speed. At all bvpass immersions, adequate agraement between incidence
and deviation angles, diffusion factors and loss coefficients confirmed the
valtdity of the stream!ine analysis method. Based on these results, subse-
quent testing used fixed rake measurcments only,

3.2  STRAIN GAGES

-

5.2.1 Vibratory Response

Each blade was instrumented with ore dynami. strain gage located so it
“ould respond to the blade's first three vibratory nodes, as shown in Fizure
12, The flutter response was obtained {rom the tape-recorded strain page
signals in terms of stregs amplitude. frequency, aud interblade phase angla,
The stress amplitade for 2dch blade was ottained fronm plavback of the strain
£45e0 s51Znals in terms of averall stress levels and streass lavels tilterad at
the tlhiutter trequency.  The blade vibratory response trequency was detormined
2o=line and verified wirh the tape-recoarded data.

5.2.2 lnterblade Phase Angie

Interhlade phase angles weros detormined from the Itrain gage data hv two
proincipal data analviis methoas: (1) analog phasemetor time history analwvseis
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and (2) FFT cross spectral analvsis.
bv on-line phasing analysis and by phasing of individual waveforms from tape

plavback.

Further verification was

5.2.3 Phasing of Rotating Tastrumentation Signals

Phasing between a reference strain gage signal (different reference strain
gages were used at different speeds) and the rotating blade-mounted Kulite and

hot film signals was obtained with the FFT cross spectral analysis using the

continuous time histories.

5.2.4 Phasing of Stationary Instrumentation Signals

The true, unsteady amplitudes and phase data were determined using the
digitized time records corresponding to instantaneous measurements for the
selected sector of blades (200 consecutive data points, see Figure 16) acquired

over 128 rotor revolutions. However, in this case,
2nsemble averaged (Figure 17) as they wer- for steadv data - instead the per-

turbations at selected discrete time points (discrete circumferential loca-
tions) were used to establish the unsteadv characteristics.
trates the approach used to assemble frames of unsteadv data that correspond

the time frames were not

Figure 18 illus-

to different discrete circumferential locations in the rotor coordinate svstem.

Similar frames of data were assembled for the reference strain gage signal to
provide a common reference for phase calculations.

As a result of this approach, the unsteady component of the signal
obtained from the stationary sensor was sampled for a specific rotor circum-
ferential location at a sampling rate equal to the rotor speed, i.e., a rate
of one sample per revolution. Hence, sampie points were obtained at a fixed
spatial location relative to the rotor coordinate svstem, thereby achieving
the same result that would be realized if the stationary sensor were rotating
with the rotor. Therefore, a coordinate transformation from the stationaryv
coordinate system to the rotor coordinate system was achieved for the fixed
sensor by the 1/rev sampling. The timing of the extracted data was controlled

to be constant by reference to the 1/rev clocking signal.

Comparing the l/rev sampling frequencies with the corresponding instabil-

ity frequencies in
enough to me=t the
pling rate must be

in the signal. The only recourse was to employ deliberate aliasing to trans-
late the frequencies of interest, namely the flutter frequency and its com-
ponents, into the Fourier analvsis range.
this l/rev sampling at discrate circumferential locations in the rotating
coordinate systems, and the resulting FFT aliasing of the frequencies, are
referred to throughout this report as "aliased time histories."

Table XII, shows that the former were clearly not high
Shannon sampling criterion, which specifies that the sam-

at least twice as high as the highest frequency of interest

The time histories constructed by
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Table XIi. One Per Rev Sampling Rates and Instability Frequenci-=2s.

Percent Speed % 1/Rev Sampling { Flutter
Mode (16597 = 100%) | Rate (Hz) . Freq. (Hz)
LT 65 179.8 | 896
70 193.7 i 896
LF 90 249.0 ‘ 320
95 262.8 ‘ 336

Actuallv, two different techniques were used to obtain phase infor-
mation. One was to alias all the flutter frequencv components in the total
stationary sensor signal (the stationary sensors see the instability at many
frequencies). The other technique was to extract individual spectral com-
ponents from the direct Fourier transform linear spectra of the time history
sample, then perform an inverse Fourier transform on these componeats to
obtain the corresponding time history. This results in a time history for a
single nodal diameter plus its harmonics, which are at multiples of the blade
passing frequency. Proper l/rev sampling of this nodal diameter's time his-
tories (128 of them) permits the phasing analysis with the reference strain
gage signal similarly sampled. This second technique was used only for the
casing-mounted Kulites.

Now, when the relative phase between point A in the flowstream and point B
on the reference blade is determined and the relative phase between point C in
the flowstream and point B on the reference blade is determined, then the rela-
tive phase between points A and C in the flowstream can be obtained from the
difference between the two relative flowstream/blade phase angles.

5.3 BLADE DISPLACEMENT DATA

As discussed in Section &4.4.1, three different light probe systems were
nsed to measure blade deformations. However, problems were encountered with
the axial and spanwise deformation measurement svstems. The axial deforma-
tion light probe svstem was inadvertently mounted on the casing so that, when
operating at speed, the blade tip leading edge was forward of the light probes.
Thus no useful axial deformation data was obtained. During Test 3 the laser
light probes did not work properly when oil became embedded in blade-mounted
reflective strips because of a facility oil leak during flutter testing. Hence,
most of the blade displacement data was obtained from the casing-mount~d blade
tip light probe svstem,
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5.3.1 Steady-State Deformation

5.3.1.1 Tangential Deflections

The steady tangential deflections were determined from on~line Polaroid
photographs taken of a four-channel oscilloscope multiple sweep display (the
signal displayed in these protographs shows the passing of a single blade over

several revolutions). The triggering of the oscilloscope could be controlled
to delay the display to show subsequent blades, one at a time. Thus, separate
records were obtained for individual selected airfoils. The scope display

allows graphical measurement of the elapsed time between the electronically
generated 26/rev clocking sigzna' and the blade light probe signal. This
elapsed time was converted to time averaged displacement using the scope
sweep time and the measured rotor speed.

The low reflectivity of the 0il embedded reflective strips mentioned
above made the photographs of the laser light probes verv blurred. Photo en-
Nancement techniques were considered, but the onlv practical "enhancement
for the on-line photographs was to enlarge them and either manually measure
the enlargements or digitize them. It was felt that sufficient accuracy
could be obtained by carefully measuring the on-line photographs, exer-
cising engineering judgment regarding the blurred light probe traces.

To extract absolute displacement, the measured blade displacement rela-
tive to the 26/rev signal at the speed point of interest must be compared to
that at "zero" speed. The "zero" speed reference used here was 2000 rpm,
where the blade displacements were assumed to be negligibly small. In addi-
tion to the two relative displacements mentioned above, it is necessary to
know the location of the 26/rev relative to the J/rev signal at both the
speed point and at "zero" speed. The only special instrumentation data points
where the above data was obtained so that absolute displacements could be
determined were the 65 percent speed torsional flutter point, the 70 percent
speed intermediate operating line (IOL) point, and the 90 percent speed
tlexural flutter point.

5.3.1.2 Blade Untwist

Knowing the tangential tip deflections at the leading edge and the
aftmost chordwise location where light probe data is available, one can
calculate the blade tip untwist angle experienced by thie blades at vartious
operating conditions. This determination requires only the relative tangen-
tial displacements.

5.3.1.3 Chordwise Bending

The relative tangential displacement data at the blade leading edge,
mid-chord, and trailing edge were used to estimate the chord-wise bending
during various operating conditions. The change in the angle formed bv the
line from the leading edge to the mid-chord and the line from the mid-chord
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to the trailing edge was used to indicate the amount of chord-wise bending at
the blade tip.

5.3.2  Unsteady Deformation

5.5.2.1 Tangential Deflections

In parallel with the time averaged steady deflections, the unsteady defor-
mation amplitudes of the blades were digitally acquired on-line by the FFT/
computer system. Data from the eight light probes was not recorded simul-
taneously. Due to buffer storage limitations (4096 samples per buffer), the
FFT/computer software was designed to acquire the 128 revolutions of data from
one light probe at a time. If more than 4096 samples were recorded, more than
one buffer would be required, causing some delay due to writing the buffer to
disk. This delay could result in gapped data and/or shifting of the data

within the bufler causing problems in determining which sample went with which
blade.

The data acquired is the final voltage level of a ramp signal generated
by external electronic hardware and terminated by the occurrence of a light
probe signal. Each of the 26 ramp peaks (one ramp is generated per blade)
were recorded for 128 revolutions. Then, for each blade, the 128 samples had
the minimum voltage subtracted so that, knowing the ramp sl:p». the double-
amplitude vibratory displacement was calculated.

5.3.2.2 Deflection Phase Angles

The interblade phase angle data was obtained by the FFT cross spectrum
analysis of the blade deflection aliased time histories. (As discussed in
Section 5.2.4, 1/rev sampling results in aliasing of the flutter frequencv:
nence the term "aliased time histories.'") The time shift of the recorded

data due to the light probe sequential sampling of the blades is accounted
for in the phase data.

5.4 BLADE-MOUNTED SENSORS

Quantitative and qualitative measurements of the flowfield within a blade
passage were made with two kinds of blade-mounted sensors: dynamic pressure
transducers (Kulites) ard heated thin-film anemometers (hot-film sensors).
Problems were encountered with both of these sensors, primarily the mounting
technique for the Kulites (see the discussion in Section 4.3.1), the tempera-

ture compensation for the hot-films, and the induced strain sensitivityv for
both.

The rotating bridge for the hot-film sensors was mounted in the rotor
shaft to eliminate slipring noise from the hot film signal. The temperature
environment in the shaft was not accurately known. During the vehicle check-
out, the hot-film signal sensitivity appeared adequate but gradually diminished
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; to low or zerc ouftput as the testing continued. System modificatinns wer:
made, but despite these changes, the hot-film data recorded was unusable for
aralyses in this program. Therefore, hot-film data is not presented in this
report.

5.4.1 Kulites

The blade-mounted Kulites were positioned to survey the unsteady pres-
sure at two radial stations, one each on two pairs of blades (see Section 4.3). ]
. The data was measured on adjacent suction (convex) and pressure (concave) blade 4
surfaces facing one common flowstream. Amplitudes were determined from the
tave recorded data playback in the form of cverall levels and waveforms. ’

L

FFT analyses of the blade-mounted Kulite data were performed using 20 ‘L
samples averaged in the frequency domain. Averaging in the frequency domain
was accomplished by acquiring successive sample time histories -- each initi-
ated with the 1/rev trigger, obtaining Lhe Fourier transform of each sample,
adding the transforms together, and dividirg by the number of samples. Fre-
quency averaging was done because it preserves the non-synchronous response
- whereas time averaging does not.

Cross spectral analyses were used for phasing the pressure signals rela-
tive to a reference strain gage signal.

= 5.5 CASING-MOUNTED KULITES

Since stationary sensors see the flutter response in terms of multiple
traveling waves plus their harmonics, all casing Kulite data was recorded at
1.52 mps (60 ips) on magnetic tape for post-test processing at a reduced tape
speed to recover the high frequency content. The FFT/computer system was used
for all casing Kulite data reduction and for the evaluation of the unsteady
pressure characteristics of each circumferential point relative to the rotor
coordinate system.

The casing Kulites measured the dynamic component (Pg)ac of the static
precsure at 12 points above the blade tip (see Section 4.3). The correspond-
ing LU component was m2asured with conventional casing-mounted staric taps so
that the instantaneous static pressure was obtained by algebraically adding -\
(Pg)ac and (Pg)pc-

The casing kulite data were used to provide:

° The circumferential variation, over a few blade passages, of the
unsteady component (Pg)ac of the static pressure

) Contour plots of the total static pressure distribution over the
y rotor blade tips during stable operation and during flutter




° Aliased time histories of the unsteuadv pressure, corresponding to
- different discrete circumferent.al locations in the rotor coordinate
system, for relative amplitude and phasing information

Uk

° Analysis of the traveling wave content present during flutter.

The circumferential variation of the unsteady pressure was obtained from
the easemble average of 64 samples, as shown in Figure 17. These 200 data
point time histories covered about three blade passages at 65 and 70 percent
speed and four passages at 90 and 95 percent speed.

The contour plots of the pressure distribution over the blade tips were
obtained from time histories comprised of the ensemble average of five instan-
taneous unsteady pressure time histories taken in consecutive rotor revolu-
tions plus the DC portion of the static pressure measured bv the static taps.
(Recall, from Section 4.3, a static tap was provided for each Kulite at the
same axial location.) Examples of these time histories are shown in Figures
19 and 20 for flutter at 70 and 95 percent speed, respectivelv. The time
histories for the odd-numbered Kulites were shifted so that the contour nlots
were made as 1f all 12 Kulites were at the same circumferential position.
This set of 12 static pressure time histories was than input into a coatour
plotting program which linearly interpolated between the Kulites for the
specified pressure levels,

The procedure for obtaining the aliased time histories of both the
unsteady pressures and the strain gage signals was described in Section 5.2.4
(see Figure 18). This was done for enough equally spaced points on the rotor
circumference to insure that there were at least 10 points in the flowstream
between two blades.

The traveling wave content, as observed in the stationary reference
Hl frame, of the rotor response during flutter was determined from linear spectra
_ obtained through Fourier analysis of the casing Kulite sigaals. Tvplcallv, the
linear spectra were the result of 256 sampla2s, each 12.8 seconds long, averaged
1n the frequency domain with a bandwidth of 20 Hz.

5.5.1 Transformation to Rotating Reference System

With careful handling, casing Kulite data can produce accurate informa-
tion on the amplitude and phase of all significant traveling waves from which,
through linear superposition, one can calculate the unsteady static pressure
due to blade vibrations which would be observed in the rotating reference svVs-
tem. The unsteady static pressure in the rotating reference svstem is the kev

physical quantity that all unsteady aerodynamic theories are developed to
predict.

To translate the unsteady pressure data, measured bv the stationary casing
Kulites, intc the rotating coordinate system, the harmonic components for »ach
nodal diameter traveling wave were summed vectoriallv.
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Consider the reference coordinate svstems shown 1ua Fizure 21:  for a
traveling wave of nodal diameter, n, the unsteadv pressure, by, at a 2lven
axial locaticn, x, 1s a periodic function of the rotating circumferential
coordinate, 3, with a period of 27/Ny at time, t, and can b expressed
in terms of 1ts harmonics in the Fourler series:

Palx,3,6) = Agg e U0t (n + aNp)9 | (1)

m:—a
where
Ann = amplitude of mth harmoniz wave
« = flutter frequency in rotating system
m = wave harmoni: o mber
a = traveling wave nabers (number of nodal diameters)
Nyoo= aumber of bSlades (26 for tue kotating Rig)
3 = angular position 1In rotating svstem, measured positive
pprsing rotor rotation
ind where rhe sign of 4 indicates a forward traveling wave (FTw) when positive
and a backward travaling wave (BTW) when negative. The number of svmmetrical
component= 1s equal to Ny = 2h; hence the highest number ¢ nodal diameters 1is

equal o 26/2 = 13.

Equation (1) is the most general expression for the unsteady pressure
travaling wave of nodal diameter n in the rotating svstem. To transform it
intc the statlionary system, the following coordinate transformaticn was used
(see Figure 21).

where 4 is the rotor speed (rev/sec), 9, Ls the absolut: angular coordinate
measured in inertial space positive opposing rotor rotation, and 3 is the angle
between the inertial reference and the rotating reference at t=0. For tals
studv, the iLiertial reference was taken as the Kulite location and the rotating
reference was the slipring l/rev trigeer. Substituting Equation (2) iato
tquation (1) vields the general form of pressure waveform in the stationary
svstem:

Pal <,3,5,t) = by (<) ﬂl(ump t o+ kap Jo) )

a2
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OF POOR C. .
where .
Pon (X) = Agg (x) e (4)
= complex amplitude
wmn T w * Xppd (5)
= flutter frequency perceived in station svstem
Kmn = n + mNp (6)

= wave number

From Equation (5) it is easy to see that the single flutter frequency. w,
observed in the rotating system becomes a spectrum of many frequencies when
observed in the stationary system.

The complex amplitude, Equation (4), can be written as
Pmn (X} = |pan (x)] ei¢m”(X) (7

where the amplitude, IPmn(X)!' and the phase, ¢pp(x), can be extracted from
the casing Kulite data. This belng done, one can calculate the amplitude,
Apn(x), for the rotating system wave form, Equation (1), from the following:

ilpmn(x) + KppBl

Amn(X)= [ Pan(x)| e (8)

Now, substituting Equation (8) into Equation (1) gives the general form
of the unsteady pressure traveling wave of nodal diameter n in the rotating

svstem:

Pnix,9,t) = E ' pn (%) | ei[mt + omn(x) *+ kgnle + 3)] (9)

m = -
from which one can calculate the amplitude and phase of the pressure wave at
each circumferential location §. Careful measurement of the angle 8 results
In a good estimate of the unsteady pressure information on both the pressure

side and the suction side of the blade tip.

An alternate form of Equation (9) is

Pn(x,9,t) = E | Pmn( %) oilomn () + m¥b8 + kmnBl) Li(yt + no)
m = *~o

(10)

The quantity inside the brackets { } is a periodic function of 9 with period

2q/Np, 1.e., it is invariant for geometrically similar points in each blade
passage - points separated by one blade pitch. From this invariance property,

the net pressure, pn, will exhibit a constant interblade phase angle of
360 n/Np degrees because of the exponential factor e!M® outside the bracket.




-

To obtain the total flutter unsteady pressure signal in the rotating
svstem, the pressure, Py, was summed over all significant nodal diametars,
l.e.,

Nb/z

p(x,3,t) = E pplx, 8,t) (11)

n = —Nb/z

To make a reasonable estimate of the phase (in relation to a fixed
initial time) several samples of the casing Kulite data should be initiated
at the same phase point (the same point in the cycle) and averaged for the
particular frequency of interest. Because the flutter traveling wave fre- .
quencies, w,,, differ from the system flutter frequency, w, by integral !
multiples of the rotor speed, f, the proper integral number of rotor revo-
lutions separating two consecutive samples to achieve the same phase start
tor the fundamental system flutter frequency applies to all other traveling
wave frequencies as well. The slip ring l/rev signal was chosen as the
initial time to which all phases are referenced.

Calculations indicated that 50 rotor revolutions separating consecutive
sample Llnitiations should, in principle, produce approximately the same phase
start for casing Kulite data at the 70 and 95 percent speed flutter points.
The sampling rate used was 128,000 samples per second with a sample length
of 0.064 seconds. Thirty-two samples were taken and averaged in the time
domain. An aliasing filter with a roll-off rate of 48 dB per octave was
used. The cutoff frequency was 50 kHz.

Having obtained the averaged time history of the Kulite data, the
normalized Fourier transform of the averaged data was generated. Box—car
windowing was used in the digital Fourier transform procedures. Because of
the leakage effect of the digital Fourier transform, the obtained phase
angles of the Fourier transforms were interpolated to obtain a better esti-
mate of the true pressure phases. The phase interpolation formula, Reference
3, uses the phase at the frequency of the locally largest response corrected -
according to the ratio between the locally largest magnitude and the next
largest magnitude at the frequencv which is one bandwidth apart from the
largest response frequency.

5.6 TRAVERSABLE PROBES '

The radial distribution of the free stream total pressure was measured at
the exit traverse plane, as described in Section 4.3, with a traversable
Kulite probe. \lso described in Section 4.3 are the two x-arrav, traversable,
heated thin-film anemometer probes used to obtain two-dimensional fluid flow
information (absolute flow velocity and flow angle) forward ard aft of the
rotor. These probes were used to obtain ensemble average time histories, cir-
cumferentially average! radial distributions, contour plots of the radial dis-
tributions, circumferc.rial amplitude variation aad corresponding phase rela-
tive to a reference s.rain gage, and traveling wave contenr.  All of this
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information was obtaired using the same reduction techniques used for the
casing Kulite data, explained in the preceding section.

The centour plots were an exception, however. Contour plots for the
Kulite prote used the ensemble average of b4 samples (200 points each) of the
unsteady total pressure (Pr)sc plus the circumferentially averaged steadv
total pressure (PT)pc. Contour plots from the x-array probes were obtained
with the ensemble average of 64 samples (200 points each) of the absolute flow
velocity and of the flow angle.

As was done for the casing Kulites, all traversable probe data was
recorded at 1.52 mps (60 ips) on magnetic tape for post-test processing at
a reduced tape speed to recover the high frequencies of the traveling wave
harmonics.

5.7 STRUCTURAL RESPONSE PREDICTIONS

Static and vibratory analvses of the Rotating Rig blading were made with
General Electric's TWISTED BLADE (TWBL) computer program. This program pro-
vides a beam solution with numerical lntegration performed on a tenth-order
differential equation set with provisions for including general boundary con-
ditions. The coupling of bending and torsion is included for both static and
vibratory analyses.

The TWBL program was also executed as a component within General
Electric's COUPLED BLADE-DISC program which considers the complete system of
disk and blades to analyze the traveling wave problem.

For the blade work calculations, nlade vibratory analyses were made with
General Electric's TAMP finite element program using eight-noded brick elements
to model the blade as shown in Figure 22. The brick element is a 3-D 1sopara-
metric solid element with 33 degrees-ot-freedom: 24 corresponding to the
three motions at each of the eight nodes, and nine internal degrees-of-freedom
which are eliminated to minimize the strain energy. The stiffening effects of
rotation are included in TAMP. Output from this program are the stresses,
static deformations, frequencies, mode shapes, modeal masses, and mode shape
slopes.

5.8 BLADE WORK PER MODE CALCULATIOQ

Using the rotor blade data obtained during this experimental flutter
Lnvestigation, the rotor svstem's stability can be evaluated by means of the
aerodynamic logarithmic decrement, Saero, for the predominant traveling waves
(Reference 4). Aerodynamic damping is present for each traveling wave response
and is defined by the familiar logarithmic decrement, which is proportional to
the ratio of the aerodynamic work done per vibratory cyvcle on one blade to the
blade's average kinetic energy per cvcle,







3
aery 4E,

Stabilitv is indicated whan Sqero » O; instabilitv, on the other hand, 1s
indicated when Saero € 0. In other words, when Wn < 0, energv is Jdissinated
by the airfoil and the system is stable, but when W, » 0, energv 1is gained hy
the airfoil and it is unstable.

The aerodynamic work done per cycle from the nth nodal

diameter traveling
wave was determined by the expression.

2n
C —
» .
Wy = f f Apn 8, dt de (13)
0 0

wherae:

2Pn = pressure difference across the airfoil from the ath nodal
diameter
§n = normal deflection of blade tip in the nth nodal mode
Sn = 4 8,/dt
t = time
w = flutter frequencv
¢ = chord

Equation (9) or its equivalent, Equation (10), was used before to obtain
the pressure amplitude and phase. But this phase 1s the "absolute" phase
angle which is relative to the t = 0 starting time of the data sample. The
problem here for the work/cvcle/mode was to obtain the phasing between the
blade tip displacement and the blade tip pressure differential. Given the
relative phase between the deflection and a reference strain gage, and between
the pressure differential and the same strain gage, the relative phase between
the displacement and the pressure differential can be determined.

For the work/cvcle/mode then, the casing Kulite pressure signals were
processed as follows: the Fourier transform of the overall si nal was taken,
the traveling wave was extracted along with its harmonics, and the inverse
Fourier transform (IFT) produced the time history for the selected traveling
wave. This traveling wave time historv was then l/rev sampled, along with
that of the reference strain gage, to construct aliased time histories for

stress and pressure on each side of the blade. The desired phasing informa-

tion was then obtained with cross-spectral analyses.
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The unsteady blade tip deformation data obrained Erom the light probes,
discussed in Section 5.3.2 and preseated in Section 6.3.3, were used for the
work/cve le/mode calculations. The measured tip derlections and interblade
phase angles were used in the following expression for each rotor blade

6;(t) = A; sin [w(t - Ti) - %] cos A (14)
where
5i(t) = normal deflection of the ith blade tip
Aj = measured maximum tangential tip displacement of the ith blade
k.
Ty = —N—ly = time shift to account for sequential sampling
b of the blades
Ki = blade index
N, = number of blades in the rotor (Np = 26)
?{ = measured interblade phase angle
A=

stagger angle

Equation (14) was evaluated for ecach blade at the same instant to obtain the
Instantaneous circumferential distribution of the blade tip normal displace-
ment. This circumferential distribution was then Fourier decomposed spatially
to determine the amplitude, 5n, of each nodal diameter traveling wave present.

Simul taneous l/rev sampling of the light probes and a strain gage was not
done. The relative phase between the tip displacement and a reference strain
gage was determined from the blade finite element vibratory analysis described
in Section 5.7.

For a single blade, the average kinetic energv per cvcle of the nth nodal
diameter traveling wave was determined from

En = 3 (15)

0 -6

w2 M 82 4.
n

where:
M = modal mass, from TAMP (see Section 5.7)

It should be noted that since there was no data from the axial deforma-

tion light probe svstem (see Section 5.3), engineering judgment was used to
locate the casing kulites and the light probes relative to the blade tip
chord.




6.0 TEST RESULTS

The overall objectives of this program were to obtain detailed measure-
ments of (1) the steady and unsteady flowfield surrounding the fan rotor and
(2) the mechanical state of the rotor while operating in both the steady aad
flutter modes. The data from each of the individual measurements is discussed
in detail below.

6.1 STEADY AERODYNAMIC PERFORMANCE

Overall performance and blade element data for the scaled Fan C Rotor
were calculated by the methods described in Section 5.1. The measured data
that was needed for the calculations was obtained from both the fixed and
traversable instrumentation described in Section 4.0. Fan rotor performance
ls presented as a separate performance map for both the bypass fiow and core
flow streams. A limited comparison of scale model rotor performance is made
with the full scale fan to verify that siilar performance characteristics
were achieved, Blade element data are presented for the five steady traverse
data points of Build 1, for the ten unsteady traverse data points of Build 2,
and for three additioral data points which extend the results over a wider
range of operation,

6.1.1 Overall Fan Performance

In the rotor bypass stream perfuormance map, Figure 23, the mass-averaged
values of pressure ratio and adiabatic efficiency are plotted against the cor-
rected fan inlet flow for all data points obtained during the test program.
The performance map shows lines of constant speed plus several "operating"
lines which are indicative of various degrees of throttling between peak
efficiency and stall flutter. These operating lines were established by
using the data having consistent bypass ratios and facility valve settings.
The low or nominal operating line was establisned by setting the main dig-
charge valve at its most open setting, and the intermediate operating line
was defined at a valve setting approximately midway between its most open
and its stall flutter settings. At a few of the speeds tested, further
unthrottling below the nominal operating line was achieved by opening an
auxiliary (booster bypass) valve downstream of the test vehicle. In this
manner, peak efficiency at high speeds was identified, as shown in Figure 23,
The eighteen readings for which blade element data were generated are iden-
tified on the map with solid symbols. The aerodynamic design point is shown
for reference. Data scatter observed among the remaining data points was
caused by the variations that occurred in bypass ratio, corrected speed, and
facility discharge valve settings. A tabulation of the significant overall
performance parameters for all the read ings taken is given in Table XIIL.
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Table XIII. NASA Rotating Rig Fan Rotor Performance Data. (Concluded)

Build 2 - Special Instrumentation Measuremen:s Test
ol s | HL7R . .
Reading| %N/v/6 5 PM/P1 "4 PZO/Pl BPR | Operating Point
141 94.8 | 82.32 | 1.59 | 0.382 1.546 | 4.1
¢ 142 94.9 | 81.04 [ 1.630 | 0.878 1.552 | 4.1
144 95.0 |1 70.1111.685 | 0.798) 1.579 | 4.8 | In Flutter
147 95.0 | 70.06 | 1.686 | 0.804 | 1.577 | 4.8 | In Flutter
148 94.9 1 69.97 [1.685 | 0.806! 1.577 | 4.9 | In Flutter
149 95.0 175.90 | 1.651 | 0.840| 1.555 | 5.7 Intermediate 0O.L.
150 94.9 | 74.70 | 1.667 | 0.832] 1.563 | 5.2 Intermediate 0.L.
3 151 9.9 | 74.63 [1.665 | 0.834] 1.562 | 5.2 Intermediate 0.L.
= 152 9.9 | 74.72|1.667 | 0.834 | 1.563 ! 5.2 | Intermediate O.L.
153 70.0 [ 52.76 | 1.281 | 0.826 | 1.292 | 4.7 | Low 0.L.
-3 154 70.0 | 52,71 | 1.280 0.813!1.291 | 4.7 | Low O.L.
3 155 69.9 | 52.67 | 1.280 0.812 1.291 | 4.7 | Low O.L.
- 156 70.0 1 47.68 | 1.300 | 0.774 | 1.294 | 6.1 | Near Flutter
3 157 64.9 | 46.06 | 1.248 | 0.797 | 1.253 | 4.7 Intermediate O.L.
_ 158 65.1 | 45.95|1.250 | 0.797 | 1.254 | 4.6 | Intermed.ate 0.L.
- 159 65.0 1 45.96 { 1.249 | 0.794 | 1.253 4.7 | Intermediate O.L.
| 160 75.0 1 44.51 1 1.255 | 0.785| 1.254 | 5.0 | In Flutter
161 5.1 152,87 11.354 | 0.783| 1.345 | S.4 | In Flutter
162 84.9 | 61.43 | 1.479 | 0.791 1.438 | 6.4 | In Flutter
164 90.6 | 77.55 | 1.510 | 0.862 | 1.480 | 5.0 | Low 0.L.
165 90.5 | 66.74 ' 1.581 | 0.79 | 1.515 | 5.5 | 1n Flutter
167 89.9 165.39 | 1.574 | 0.800 1.502 | 5.9 | In Flutter
168 89.8 | 67.16 | 1.577 | 0.818 | 1.504 | 4.8 | In Flutter
169 89.8 | 67.23 | 1.575 | 0.811 1.506 | 4.8 | In Flutter
170 89.6 | 67.13 | 1.572 | 0.810| 1.506 | 4.8 | In Flutter
171 89.7 176.14 1 1.503 | 0.869 | 1.471 | 5.3 | Low 0.L.
172 89.6 1 76.30 | 1.498 | 0.858 | 1.471 | 5.2 | Low 0.L.
173 89.6 | 76.32 | 1.497 0.847 | 1.472 | 5.1 | Low 0O.L.
174 89.8 176.50 | 1.501 | 0.859 | 1.473 | 5.2 | Low 0.L.
175 89.9 | 71.66 1 1.552 | 0.828 | 1.500 | 4.9 Intermediate O.L.
176 89.8 | 71.44 1 1.550 | 0.825( 1.459 | 4.9 Intermediate 0.L.
177 89.7 1 71.31 1 1.550 | 0.829 | 1.497 | 4.9 Intermediate 0.L,
178 70.0 | 50.24 | 1.292 | 0.802 | 1.292 5.2 | Intermediate O.L.
179 70.1 [ 50.37 | 1.293 f 0.806 | 1.293 | 5.2 | Intermediate 0.L.
180 69.9 |50.27 | 1.292 | 0.8051 1.292 | 5.1 Intermediate 0.7,
184 99.2 | 87.24 | 1.495 | 0.834] 1.536 J 4.5 | Lowest O.L.
185 10Z.4 1 86.90 [ 1.763 | 0.864 | 1.609 | 6.1
186 103.1 | 89.13 | 1.707 | 0.863 ] 1.606 | 5.0
: 187 102.8 | 88.59 | 1.704 | 0.865| 1.599 | 5.0
- e 188 102.0 | 88.59 [ 1.617 | 0.844! 1.578 | 4.6
-y 190 102.6 | 88.82 | 1.567 | 0.823 1.576 4.5 |
- 191 102.4 | 88.80 | 1.517 | 0.805| 1.566 | 4.5
. 192 94.7 | 75.49 | 1.690 | 0.832| 1.581 | 4.2
. 193 94.8 | 75.33 | 1.698 | 0.838| 1.58] | 4.7
o . | 63
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In the core stream rotor performance map, Figure 24, a similar procedure
was used: mass-averaged value of pressure ratio was plotted against the cor-
rected fan inlet flow. The nominal bypass ratio was 5, althougn there was
some scatter In the actual values recorded during the test, so the core stream
airflow was approximately one~sixth of the total fan flow shown in Figure 24,
Core stream efficiency values were unrealistically high, and there were incon-
sistencies observed between the Plane 20 and Plane 25 total temperature mea-
surements. Because no core region traverse data were available to help resolve
temperature measurements, the core stream efficiency is not reported.

Superimposed on the full scale Fan C bypass stage performance map, Figure
25, is the Rotating Rig Build 1 data modified by the loss assumption based on
the full scale data. The comparison shows good agreement in terms of speed
line characteristics and stage efficiency. Most important, the scale model
vehicle exhibited rotating stall and stall flutter of the same type and at
similar aerodynamic conditions as Fan C. The flow-speed relationships plotted
in Figure 26 provide further evidence that the two vehicles are aerodynamically
similar. The Rotating Rig Build 2 data compares favorably with Fan C in terms
of flow versus speed along an operating line passing near peak efficiency.
Considering the difficulties involved in defining a distinct flutter boundary,
the flow-speed comparison at the stress limit is also in very good agreement.

6.1.2 Fan Rotor Blade Element Data

Rotor blade element data were calculated for the eighteen readings shown
on the performance map, Figure 22, using an axisymmetric streamline analysis
procedure discussed in Section 5.1.2. The rotor blade element data are pre-
sented in Figures 27 through 29 as plots of total pressure loss coefficient,
diffusion factor, and deviation angle versus the meanline iacidence angle. A
complete tabulation of these parameters, plus the radial distributions of the
flow properties at the blade edges, is given separately for each of the
eighteen readings in Appendix 4. The plots present the data in a standard
NASA format which groups data from all speeds according to a given immersion.
Only the bypass immersions are shown, since the lnconsistencies observed in
the core stream measurements resulted in some unrealistic values, In addition
to the 10 data points at which unsteady data are reported, three steady-state
readings (two at 95 percent speed, and one at 70 percent speed) are included
to extend the range of the blade elemen! data to flow conditions near peak
efficiency operation. The incidence angle used for this presentation is based
upon the design value of the blade leading edge angle; a more accurate value
would account for the variations in measured blade untwist that occur at lower-
than-design speeds. The true incidence angle, however, would not significantly
improve the scatter of the blade element data cbserved in Figures 27 through
29. A more meaningful display of the loss data is shown in Figure 30, where
the total pressure loss parameter for the rotor tlade is plotted as a function
of blade diffusion factor. The result is a better correlation, indicating
that the rotor blade performance is more closely related to diffusion levels
than to variations in speed or incidence angle variations,

64




=
Teotal Fan Flow, lbm/s
‘ ) 50 60 70 30 30 150
| 1.3 T T ] T RN
11s
-
3
1037
= C—c
-
R
l.o }—
|
Ry _
o s
E Qo - G
" (o]
E x
<% \.\
: s}
@Q 69%
1.2 -&>
- C; ~ 55y
1.0 ' L | f '
15 25 30 35 <0 45 50
Total Fan Flow, KG/s
4
<& Fizure 24. NASA Rotating Riz Fan Rotor Hub Performance Map.
3

05




Rat 1o

Prenaan

Bypans

tage

o

66

-

OF FO

KRS

Total Corrected Fan Flow, Lo’y

| S
Bolllod Test 1oanc D Lata ;_
> g
— _— e 5 z
< N T T ey | L
/ e j;{ ‘ ‘“/?';7 S I N
/ A v
[, Fa e =12

,

e GSvpass OGV Lossed Assumed
Zquivalent to Reportes Values S
Zor NAS., Julet ZIng‘ae tan C

<> LT

< la7

()Q? )

@]
J

g
e}

50 @EQEEL\ //\
$3 N \
bIs \ / G
40 \/ l
Stall N /\ l
Daé’nedﬂl.ines Re‘;rujs»tu :ﬁ:-(‘\‘b‘ \ / \ l
Quiet Engine Fan ° O \ / \ l

|

I

J

* 0Dk OOE PO«

Medsured Perfo.mance

Fan C Stress |

Rozating Riz Jesizan Foint

o®B
;

$5
~ -
-

N\
A — v N .
- 7 N——Fan ¢ Peak Efiicieacv Line
<. ! L
15 25 35 @3

Tota) Correctad Fan Flow, Kz

NASA Fan Stage Performance Map.

[t
[
wl

Figur




percent

Flow,

corrected

100

90

80

706

60

40

A b

Solid Symbois Build 1
Clos=zd Symbols build 2
——— e = —= Full Scale Fan C

|

Peak
Efficiency

¥, Near Flutter

a
‘e O
// ° Build 2
— — In Flutter
/
/0
// Build 1

rd
/ /i
s s
/ / A
/ /
/
/D
y/ /
/
30 60 70 80 90 100
Correcred Speed, percent

Figure 26,

NASA Rotating Rig Speed-Flow Characce.istics.




S02133p ‘35uapfIuU} Aufluray

9 ] ]

TOOUDPTOU] POISTMIU SUSIAIA 913UV UOTIBTAI(J MO ssbdhy

saa1dap ‘aruaspioul aujueay

‘Lo PandTy

SAAIRAP *AOUAP] MUY A rap

e

al

2

el

89313ap ‘atduy uoriey aaq

12]
833183p *ay8uy uojivraag

N

SQ Ry
€oX +2 6

uoysIAMWL %09
i L I}

P SN S

saazdop ‘aouapioul Aujuean

9 14 2

089 » 2
1 H
¢
i
{
i
. ! ° 3
e +
e &
hd Y :
__v.,. i
; : I
i i
1]
.
' '
: i !
S S
a0 X | uorsiamw yoq

‘AdulapIOU] Aufjueal

81

8 3 » 2
Lo
1
. |¢.-_:
|
L ‘ i
x v i
v ! _ t
A
; f..lw!! .
§ 1
‘ H
R
i P
food
RN
po
PR S
uoysiaww] Y0t
SO SR W SN

6AAIFAP “9IUIPJIV] U [ueIy

o
o

a__9 v 2
i~
e
]

‘o
A N A S

8l

et

$33133p ‘318uy uoyieyaaq

2!
sa3139p ‘arday uotieyaaq

r!

r

Si

9t

|

al

§00X +4©

-
—

ucpsIaumy G|
1 ] !

ai

[ 3 4 a
P
w+
X
‘.........:. o
.Mv v L 4
i 4 *
!
1
[}
i M
: |
| |
1 |
uoysiaumi] YO{
JRUUNGES SRS FESSUN WP SN R

uojelaumy g

S e -

L L 12} 21 o
933133p ‘31uy uvtieTAdN]

1 1] [ 1)
83318ap 'a(duy uotieIraq

68




69

TOVUSPTOUL paIsSTMIU SNSIOA 103084 UOTSNIITQ MO ssedhg g7 AaANndT g

$aa2185p ‘asuapyoug AUy furay

a1

sazadap ‘douappoul auy[uray saaifap .wucwvuuc- auyjuray

81 8 9 4 l B Mo ® S 2 _ = 1

R » w8 9 v 2 s
Pl m Co
H = ' = : i P |
M - W - o o
- : - . ; -
£ i ~ = ; IR R P
!
. . _ T
(%] W m Q_ [
1] v - - { + a w
n .. PR vll “ & . =3 s -  aiuage. .' ﬂ
_ % ¢ m R s M ¥ _*1 W
! + o v ¢! k4 : e v
i H ! Py ?g U PP ! ; og e | P # * e
" s “ ‘E T T Xe uZ X X + ) w z
.S 28 SN a >+ F : : M ‘ i 2
: e - \ - } ; =
- m ﬂ&.“ L] w H n w w ! *Il -~ u
: i = © S R
H : S v “ , i )
i s1]0 $9i0 i !
Imm....w - ~8ljv - -7 ._ | S il |®
SLi+ ® SLi+ > SCjET ﬁ -
i ! S8 | X 0 X |
um*m ; s —.BE e ! b Ium mn . Ao -
Sww. “nnu_n uorsiammy y0g :nww . Qau Y :35&&3 %05 133 mngr uojsaamm gy
H i i L 1 - | L i i e &, : ! LA
saa1dap .wu:uv«u=~ Ut TuRay sar18a3p ‘souapyoug Juf [ueay saa18ap ‘3ouapyouy auyjuray
1A 21 8] [:] 9 4 2 L 4] 2% 81 8 9 » i [ 1] 2! " 8 9 14 3 [
i ! [ ! i - ¥ * -
R - - I R £
| |
= - ! I S |
‘ n ~ “ ~
i
I v ™ v - i J 2D —
| + e + w i , & w
o ¢ - M . ! ** - M J_ 00 o=
v -~ v a 41 -~
_ﬂ....ﬁ x| % 5 ! v xS A ay | . g
¢ =5 H b ZAP O { =5 of ¢ .5
gt “ ! : "y W : w
- i : t < A
» = ! -
- - -]
- - -
~ 9 E
] 9]0
.l.nnM W - mm 03 - Ul -
ST+ - SO+ » s+ -
X 3
nu“u;tgu X uorsiawmy gy v —Qgtn" ~ uorsiamm] Y01 ﬂw-‘m &0 X uorsIIwm] Y
I 1 HES | - —t I N - SN N GRS W N




*IOUAPIOU] PAISTMIU[ “HSIDA JUDTOITJ V0D SS07 Mot ssedAg

sa2183p ‘3Aduapyou] Juy(ueay

vi 21 o [} L] ’ 2 [ 29
[ : L :
: i
e o
. .
! . : °
H °
v , , @ . I'S
vQ o
@y o
[ i
©
. ~
°o
-
o
N
o
: ™
s
59 ¢ °
n: .
S¢ X H
s8 + -
06w b
s6 @ -
:szﬁ ¥¥07 Kk HoysIAWMW %09
o
v
-
sariRap ‘anuapyoul Aujjuevay
v 2t 0t [} 3 ’ 2 05
el T
-
N (-]
e Py
i v *
o
' o
., -
< . .
[ -
n
R °
v : :
v ! i .
© . o ' °
+ . .
r
o AR : |
‘ + i o
. H ~
% 4 ' | . -
0 ﬁ y
S¢ X . .u
S8 4
0e g . -
s6 @ ’ b4
aﬂfi 0> x uogsaAuL G [
. -
- .
*

3507

AN3JIJT1 43300

dN3II31344302 8800

Saa18ap ‘32udPIOUL Auf[uraAl

vt 2t 01 ° 9 ’ 2 05
! °
: s .
1 t
. e
v
o
UL 4 °
, m .
' \ °
- . - @ °
o -
v
© & °
Qe ; X - -
+ . ~
o
+ -
L4
o
~
°
X ) .
~
-
59 ¢ °
0 i~ N
s¢ X b
58 + o
[ .
se @ »
03345 WH0° X uojsIAMmML] %O
i °
-
L
SAAIBAp ‘AdDUAPIOU] U TULAK
vi 21 ot 8 9 ’ 2 06
| »
‘ o
: N
1
o
‘ v m °
M -
: o
. { : 1 -
! 1 ~
i ° °o
. ! ! I :
! 1 -
. v * L J
'w ‘H ©
@ x ~
. eﬁ&+ hw -
' . 1 | -
. <+ ~
. ” ‘ 1 >
LA 1 i -
0o t 1 "
)
8¢ox i : .
e 4 H t ¢ i o
" 9 . H .
8% Q -
0b314s Wuod § _ uogsiaww] Y01
; -
-
*

AN31J133303 $500

im312144300 $S0O

‘67 9andig

SA218Ap ‘aiuapioul Auj[UFaAK

(] 21 [X] [] . ’ 2 .,
, 4 , T -
" »
) * ; o
! v ' ;
{ o
. ' : : .
i \ . >
- °
‘ . ’ °
: _ ®
; °
N 1 7
@ ¢ -
°
g :
X .
v+
! o
e :
~
°
: _ ~
N
9 ¢ o
0, @ s . :
s % i .
s 4+ i °
s 'y R ' .
s @ : "
03345 W¥OId ¥ uolRIAWW] YO
: °
.
>
saarfap ‘asuapyou] aujjuray
vi 2 01 . L] v 2 [
S — a0
.
|
. ' -
. , -
A -
} ; ; .
! -3
. ‘ _ -
v ; -
] ' o
. . ‘ i . .
. i ' ; ~
i ' °
N N -9 :
i ] -
i . . 4 -
v + -
- :
. @ % "~
i ‘ x | o
' [ JFY ¢ ‘ :
¢ ! 2
Oy : ) '
i ' hd
N * & .
! ~
H -
i o
: -
uorsIaumy " ~
: °
- - o .
-
L 4

AMITII 24300 SSO°

i313134303 8800

70




71

T103ou4 UOISNJJI(] SNSIAA 1oroweard ssop mord ssedhqg  -gg oandig

AU LI N R . . Pl
L ] 1154410 LNt N g g1 g » N KEERN]
oYY e re e L S L L I R S ce1e
. < o ST T S o
o
. v o °
o
c
7 «+ : "
& = It ot
A . v ¢ -
oY : ¢ = -
o @ o N
R 0 " K3 " MO@«C M
| - o +nf€ S ‘ > oo
< o A .
R Tn < e o <2
o - «n L 4 v
o S
- 5 X + T
T 2 os T
o 3 H H
N oA ° A
o - o o o
w iy o ” v ™~
- -
. ° o
- N
o
s9 ’ « P
@ - S Q - s° ©
0. @ . 0: @ . [ °
Se 4 ° S¢ 4+ < . ¥ °
S " S¢ 4+ %
s x 58 X
06 & N 0r ¢ e 56 x -
56 ¢ o Sb ¢ o e o <
. . nE) 56 & ©
norsiowwg g9 J33dS auaubo GOTS 1wy ¢ 03395 wwoo z|% rsaoumy o o8 033ds wkod 2|
o c
: I | , T
-
L34 NCESNS470 ! :
MOp AR 4 NGICSO 3910 Nl IM Y NODISTHI49T0
N0 SsTa vt EC06 200 19 . - - :
N o e - a»o, SR U4 n‘w‘o\ 2°06 t-n 0n 0 90 570 0 €- 20 () oS
- . — - - [N
. ° -
=
o
o
o
o
v . i 2
o - N
- v — hid
o o -
0$ - . °
o .
n o
“ov * ° ° ~ ~
v e, 4 ° P °
© - o y < > o A o5
N . ‘o X o : g
o A & -
) ©
JY O - 2 o o = G °2
. ® + © N o »
» IS
oo . » + -
N - o 3 x
- m - m + e
» » - -
° ° s 7
5 .
. - o
9 Q v
oz y |7 SOOI IS sy o
q o 0 v p ! w =
< 4+ 3 S¢ o+ e
50 N ot -
x © 98 X
06 o |° 06 ° se x|,
e o © s M o 0 o N
nors 1oy yqp 03845 ¥} 2® on s o b e -
/Vu . 1ol 03395 wmod x|” o . 03345 wwod x|®
S S T :
° °
N ° S
b et -
¢ . . N i 3 ¢ 4 y
’ G g ) RY




6.2 BLADE DYNAMIC STRAIN GAGE DATA

The ten aerodynamic operational conditions at which steady and unsteady
Measurements were taken are shown in Figure 2, The operatlng parameters are
summarized in Table XIV. All 26 blades in the rotor were iastrumented with
dynamic strain gages, although not all gages could be monitored and recorded
for each test. Blade mounted hot films and kulites limited leadout capabili-
ties through the 100 point slip ring. Usually, twelve to nineteen gages were
monitored during the three tests, excluding failed gages. The data obtained,
on a continuous basis, from blade strain gages Lnclude vibratory stresses,
frequencies, and interblade phase angles.

6.2.1 Bench Test Frequencies

Figure 31 shows the bench {laboratory, zero speed) test blade frequencies
and their disposition around the rotor as tested in Build 2. Since all blade
bench test frequencies were within 2 percent of the average measured flexural
frequency and within 2 percent of the average measured torsional frequency, no
effort was made to selectively arrange the blades in the rotor.

6.2.2 Flutter Frequency Response

At the nominal and intermediate operating lines (NOL and IOL), as defined
in Section 6.1.1 (Figure 23), the rotor blades responded predominantly at
their individual natural blade frequencies. These frequencies varied from
blade-to-blade. A typical Campbell diagram is shown in Figure 32 for a nomi-
nal operating line accel from 2000 rpm to 18500 rpm. As can be seen, the
vibratory stress amplitudes were very low throughout the speed range with the
maximum response at the second flexural mode - 3/rev cross-over where stresses
reached about 5.5 kN/cm?-da (8 ksi-da). As the fan was throttled from the
nominal to the intermediate operating line at 70 percent and 90 percent speeds,
Some of the airfoils experienced a slight frequency shift while other airfoils
did not experience any frequency change at all. Shifting of the natural fre-
quency seems to be independent of the mode as shown in Figures 33 and 34.

Throttling further to the flutter boundary, aerodynamic coupling appears
tuv drive all the blades at a common flutter frequency. This is shown in Figure
33 for the torsional flutter mode at 65 and 70 percent speeds and in Figure 34
for the flexural tlutter mode at 90 and 95 percent speeds. A significant
increase in the flutter frequency between 90 to 95 percent speed is observed
due to the centrifugal stiffening effect on the bernding mode, see Figure 32,

As expected, centrifugal stiffening did not have a significant effect on the
torsional mode.

6.2.3 Flutter Vibratory Stress Amplitude

In this program, flutter was identified primarily by strain gage response
which provided flutter frequencies and vibratory stress amplitudes. Data
points, at which steady and unsteady flutter measurements were made, were
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Table XIV. ©NASA Rotating Rig Data Point Summary.

Speed Pressure Bypass Corrected Flow Operating
Reading | 7 rpm Ratio Ratio (kg/sec) | (1bm/sec) Line '
159 65 | 10793 1.249 4.65 20.85 (45.96) Int .
80 65 | 10836 1.257 5.14 20.58 (45.37) F
¥ - 155 70 | 11601 1.280 4.71 23.87 (52.62) Nom :
180 70 | 11601 1.292 5.12 22.80 (50.27) Int ?
89 70 | 11654 1.308 5.03 21.90 (48.28) F i
174 90 | 14906 1.501 5.16 34.70 (76.50) Nom
. 175 90 | 14919 1.552 4.88 32.50 (71.66) Int
168 90 | 14892 1.577 4.85 30.46 (67.16) F
152 95 | 15751 1.667 5.15 33.89 (74.72) Int
- 148 | 9515769 | 1.685 4.86 | 31.74 | (69.97) F
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Table XV. Blade Vibratory Stress and Phase Lag Summary
for the Four Flutter Points.
Percent Speed
65 70 90 95
Slot Item ¢ ¢ ‘ 4 ¢

No. No. Stress | (deg) | Stress | (deg) | Stress | (deg) Stress | (deg)
1 832 0.055 0 0.070 187
2 833 0.065 306 0.070 212 0.116 274 0.063 127
3 805 0.100 0 0.175 311 0.072 207
4 807
5 808
6 8065 0.200 | 140
7 810 0.245 E 191 0.221 114 0.093 103
8 811 0.215 ' 130 | 0.162 | 132 | 0.110 | 100
9 812
10 813 0.190 | 90
11 814 |
12 815 0.195 54 0.337 -
13 816 0.194 214 0.275 169
14 834 0.110 312 0.213 271 0.321 235
15 835 0.058 274 0.073 68
16 820 0.120 238 0.145 68 0.360 331 0.570 311
17 822 0.130 72 0.359 0 0.512 0
18 823 0.145 | 144
19 824 i
20 825 0.050 162 0.067 ; 216 0.240 304 0.331 335
21 826 0.060 180 0.07Fr . 209 0.187 159 0.025 188
22 827 0.135 256 0.055 83 0.215 196 0.246 228
23 828 0.115 259 0.110 86 0.202 222 0.223 252
24 829 0.150 - 115 0.151 243 0.145 280
25 830 0.065 E 148 0.118 256 0.089 276
26 831 0.100 252 0.085 i 194 0.079 281 0.061 340

[

|

Note:e$ = Phase Lag
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e Stress normalized to 68.94 kN/cm? (100.0 ksi)
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determined by the stress amplitudes at the flutter frequency. The intent was
to have all the blades responding at relatively high amplitudes in flutter,
but without exceeding the established fatigue limits. Figures 35 through 38
show the time histories of the overall peak-to-peak stress amplitudes and fil-
tered peak-to-peak amplitudes at their respective flutter frequencies. Fil-
tered flutter frequencies are 900 + 25 Hz for the 65 and 70 percent speeds
(Figures 35 and 36) and 320 % 10 Hz at 90 and 95 percent speeds (Figures

37 and 338). These time histories show that most of the overall signal is at
the flutter frequency. As Figures 35 through 38 show, the stress amplitudes
lncreased quite rapidly at flutter onset, indicating a rapid decrease in the
system's aerodynamic damping. A: 65 percent speed, Figure 35, the ampli-
tudes are relatively constant and the overall signal does contain some second
flex/3 per rev resonance response as shown in Figure 32 at about 11,600 rpm.

At 70 percent speed, Figure 36, the stress amplitudes fluctuate LonSLderably
as the onset of torsional flutter is reached, becoming less erratic after a
few seconds of stabilization. For bending flutter, Figures 37 and 38, the
vibratory stress amplitudes of most of the rotor blades fluctuate drastluallv
as a function of time. This variation in amplitude with time was initiated

at flutter onset and continued until the operating condition was changed, L.e.,
until the discharge valve was opened to lower the operating line. Separatad
tlow vibration was essentially nonexistent on this fan even at conditions
close to flutter onmset. Occasionally, the blades were driven in and out of
flutter, especially at 90 percent speed (Figure 37). Throttling the fan fur-
tner Lnto flutter was impractical since the blade stresses were fluctuating

up to the blade's fatigue limits.

From the time histories, amplitude variations of overall and filtered
levels around the rotor were obtained at a specific time for each of the four
speed lines at the ten special data points. (jee Figures 39 through 42.)
Stress amplitudes on the nominal and intermediate operating lines were rela-
tively low, with some blade-to-blade variation. At the flutter conditions,
whether bending or torsion, the stress amplitudes were relatively high, with
some blades reaching fatigue limits. Also, a large variation in blade-to-
blade stress amplitudes was observed with the maximum response blade being
different for each speed. This shows that it could be dangerous to test a fan
or any blade row with only a few strain gaged blades. T12 instrumented blade
could be a low response blade wnile other nonstrain gaged blades in the rotor
could be responding at stress levels above fatigue limits.

The blade-to-blade stress amplitude variation in flutter, for the four

speeds tested, is an iadication of the existence of more than one traveling
wave in the rotor which Ls probably due to the effects of mistuning.

6.2.4 Interblade Phase Angles

[nterblade phase angles relative to a reference blade were determined for
atl the available strain gage data with two data analysis methods: analog
phasemeter and cross spectral analysis. Examples of each are shown in Figures
43 through 45. Figure 43 illustrates that a constant phase angle exists
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between two blades as a function of time for 90 and 95 percent speeds. At 90
percent speed, the blades were oscillating in and out of flutter; the phase
angle is shown to be constant while they are in flutter and to vary considera-
bly when they are not in flutter. Similar data was analyzed at the same oper-
ating condition a few hours later and the results were the same, that 1s, the
identical phase angle existed between the sime two airfoils.

The strain gage responues were also analyzed with the FFT/computer.
Typical linear spectra and cross spectra of strain gage data are shown in
Figure 44 “or 79 percent torsional flutter and in Figure 45 for 90 percent
flexural flutter. The predominant spike is apparent at each of the flutter
frequencies, although the stress amplitudes are average values and do not
represcnt the maximum response. The cross spectra yield the relative phase
between the two linear spectra. These phase angles were in good agreement
with the phasemeter data. Averaging in this case proved to be tnconsequential
since the phase angle between two blades was conscant as shown in Figure 43,

The phase angles of the flutter stress signals were plotted on system
mode wave diagrams in Figures 46 through 49 to decermine the traveling wave
nodal diameter and its direction. For torsional flutter at 65 percent speed,
the data shows either a two or six nodal diameter forward traveling wave. At
70 percent speed torsional tlutter, both four and six nodal diameter forward
traveling waves are evident. For flexural flutter at 90 and 95 percent speeds,
there are two and three nodal d.ameter forward traveling waves respectively,
Precise wave decomposition was encumbered by the lack of stress data on many
blades (recall that not all blades could be monitored). However, the missing
interblade phase information from the blade stress can be supplemented bv the
Interblade phase data from measured blade tip displacement as discussed in
Svction 6.3.2.2. It is noteworthv that onlv forward traveling waves were
observed in hoth flutter medes.

A summary of the measured peak-to-peak stress amplitudes snd the phase
angles is provided in Table XV for the four flutter points. The phase angles
are shown 1a terms of phase lag relative to the reference blade. The refer-

eize blace is indicated by a zero phase angle at each speed., Note that dif-
ferent reference blades were used,

6.3 BLADE DISPLACEMENT DATA

One objective of this fiutter research program was the direct measurement
ot blade deformation. The steady deformation of the cotor blades can change
the aervdynamic flow within the blade row due to the c¢hange in flow channel
profiles. A blade stagger change (untwist) directiy varies the flow incidence
angl-. a controlling parameter for stall flutter. Similarly, chordwise bend-
irg ot the .' des mav alter the aerodynamic characteristics of the flow for
blades »f l.w or wedium aspect ratio especially at transonic air speeds. Al-
though st ady deformations are of greater concern ac flutter vnset conditions,
data was o ltwned at all special iestrume- ation data points.
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Along with the time-averaged steady deflections, the unsteady deforma-
tions of the blades were also acquired to determine the blade flutter mode
shapes and interblade phase angles,

6.3.1 Steady-State Deformation

6.3.1.1 Tangential Deflections

The available (see Section 5.3.1.1) absolute steady tangential blade tip
displacements are shown in Figures 50 through 52. The test data shows that
the steady aerodynamic loading and the centrifugal loading on the blades caused
the front portion of the blade tip section to deflect against the direction of
rotor rotation and th= rear portion of the blade tip section to deform in the
direction of rotor rotation; in other words, the blade untwists.

For the intermediate spanwise locations, Figures 51 and 52 show the avail-
able absolute steady tangential deflection data for 78.9 and 57.2 percent span
respectively. Toward the end of the tests, the 57.2 percent span trailing edge
laser light probe signals were blurred due to oil contamination and were not
recorded - hence the lack of 57.2 percent span trailing edge data for the 70
percent speed IOL and 90 percent speed flutter points. As expected, less
untwist is indicated at these spanwise locations than is shown at the tip for
the 70 percent speed IOL and the 90 percent speed flutter points, The data at
the 65 percent speed flutter point is questionable since it indicates the blade
twists, which is not consistent with all other data.

The relative steady tangential deflections at the blade tip for various
blade tip chord locations obtained from light probe measurements are shown in
Figures 53 through 55 for the points on the NOL, the IOL, and the flutter
boundary respectively, 1In these figures, the measurement corresponding to the
aft-most chord position, where light probe data is available, has been t aken
as the reference point as indicated by zero relative tangential displacement.
For a given operating iln-, higher speed operations always produced large
tangential deflections betiv2en the blade leading edge and 55 percent chord

location, with the possible exception of torsional tlucter at 65 and 70 percent
speeds.

6.3.1.2 Blade Tip Untwist

Figure 56 shows the steady component of the blade tip untwist at the four
roter speeds tested., The steady untwist increased approximately 2° ag the
rotor speed was increased from 65 to 95 percent design speed. The test results
agree well with the TWBL (nominal operating line) analysis., The higher blade
loading due to throttling produces slightly larger untwist values than that of
lower operating line conditions.

The blade untwist at the intermediate span locations, calculated from the
laser light probe data, is compared with predictions in Figure 57. The scatter
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Relative Tangential Deflection, mils
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observed is due to the poor quality of the data from test 3. In test 2,
the laser data obtained at the 65 and 70 percent speed torsional flutter
points was more definitive, and indicates that the measurement accuracy of
this system (compared with the TWBL predictions) is within #1° of untwist.

The blade untwist is plotted versus blade span for 65, 70, 90, and 95
percent speeds in Figures 58 through 61, respectively. These plots show the
tip light probe data to agree within 0.2° of the predictions. The previously
mentioned scatter in the intermediate span data is also evident .

6.3.1.3 Chordwise Bending

The straight line relationships described in Section 5.3.1.3 were used to
determine the chordwise bending at the blade tip. Figure 62 shows the total
blade angle change for various speeds and operating conditions. It can be
seen that the largest chordwise bending occurred at the flutrer conditions,
with the maximum at the 70 percent speed flutter point. This is due to the
torsional mode response at the lower speeds.

€.3.2 Unsteady Deformation

6.3.2.1 Tangential Deflections

Figures 63 through 65 show the blade-to-blade variation of the maximum
blade tip tangential deflections occurring during the 128 revolution data
acquisition for 65, 70, and 95 percent speed at flurter conditions. Also
shown are the corresponding maximum blade stress amplitudes. Data at 90
percent speed are omitted because of Lhe intermittent tlutter exhibited at
that speed. These figures show deflection data from the leading edge light
probe (#755) as it recorded large blade tip deflections in both flexure and
torsion. In general, the deflection amplitude varies from blade to blade, as
does the stress amplitude, with the maximum values occurring at about the same
circumferential location on the rotor. The local discrepancies between the
stress and deflection levels are due to the stress data being acquired at a
different time than the deflection data. The large variations in the stresses
and deflections around the rotor may originate from differences in blade fre-
quencies commonly known as blade mistuning. (There is about 2 percent varia-
tion in the blade natural frequencies.)

The maximum measured blade tip deflections are tabulated In Tables XVI,
XVII, and XVIII for the 65, 70, and 95 percent speed flutter points respec-
tively. Blade deflection data were not available from the trailing edge light
probes at the 65 and 70 percent speed torsional flutter points due to an
inadvertent axial mislocation of the light prube pad. This was rectified for
all other subsequent special instrumentation data points.
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6.3.2.2 Interblade Phase Angles

Tvpical interi lade phase angles, in terms of phase lag, determined from
the light probe measured tip displacements are shown in Figures 66 and 67 along
with those from the strain gage signals for 70 percent speed torsional flutter
and 95 percent speed flexural flutter respectively. It can be seen that there
1s good agreement between the strain gage phase data and the light probe phase

These phase plots also show the presence of predominant forward traveling wave
flutter response.

In Tables XIX and XX, the phase data for all blades from all light probes
Ls tabulated for the 70 and 95 percent speed flutter points. These phase data
were obtained through FFT cross Spectrum analyses., Both the aliasing effect
on the phase data due to 1/rev sampling and the time shift of the recorded
data due to the light probe sequential sampling of all blades are taken into
account in the phase data. It is lnteresting to note that, for each flutter
point, all light probe measurements - and consequently all blade tip tangen-

tial displacements - have essentially the same blade-to-blade phase relation-
ships.

6.4 BLADE-MOUNTED SENSORS

Flowfield measurements within a blade passage were made with blade-
mounted sensors: dynamic pressure transducers (Kulites) and heated thin-film
anemometers (hot-films), Because of hot-film temperature compensation prob-
lems, discussed in Section 5.4, meaningful data was not obtained from these
sensors. The blade-mounted Kulite data recorded during this rotating rig test
are ia general unreliable, primarily because of the Kulite's known sensitivity
to the blade mechanical strain (see Section 4.3.1). The strain sensitivity is
especially severe for torsional mode which appeared during low speed flutter
(65 and 70 percent speed). During high speed bending flutter (90 and 95 per-
cent speed), the strain sensitivity is less; however, the higher speeds made
the Kulite response more susceptible to stronger centrifugal effect and was
probably the cause for Kulite failures,

6.4.1 Blade~Mounted Kulite Time Histories

Tvpical time histories of Kulite sensors at 65, 70, and 95 percent speed
flutter points are shown in Figures 68 through 70 respectively,

During 65 percent speed flutter, at 75 percent span, the Kulite time hig-
tories in Figure 68 show noticeable flutter response at 20 and 60 percent
chord on the pressure side and at only 20 percent chord on the suction gide,

S
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Table XIX. Unsteady Tip Displacement Phase Lag (In Degrees)
at 70 Percent Speed Flutter.
2;2: Light Probe
No. #755 #756 #757 #758 #759
1 220 198 186 205 233
2 41 43 26 61 25
3 0 0 0 0 0
4 111 122 99 155 114
5 138 141 127 149 125
6 129 135 119 156 124
7 194 197 180 208 195
8 301 307 292 328 296
9 8 4 P 352 19 5
10 81 87 i 70 112 75
11 72 74 ‘ 61 98 82
12 150 152 i 136 170 143
13 143 149 1133 163 153
14 144 151 | 135 176 147
15 260 263 249 282 301
16 71 80 71 115 73
17 106 106 92 126 110
18 160 164 152 165 157
19 227 235 218 267 243
20 343 45 335 28 298
21 9 27 4 66 354
22 86 87 76 108 65
23 108 108 92 138 100
24 135 135 118 150 126
25 184 194 174 194 180
26 204 202 184 235 227
Note: Reference Blade in Disk Slot No. 3




Table XX.

Unsteady Tip Displacement Phase Lag (In Degrees)

at 95 Percent Speed Flutter,

g{;: L ~ ‘ Light Probe

No. | #7553 #756 #757 #758 #759 #760 #761 #762
1 14 79 61 46 24 10 38 18
2 160 163 130 118 113 140 88 156
3 208 310 251 226 252 192 303 296
4 319 36 9 345 15 338 354 81
5 55 89 ! 43 53 1 73 56 357
6 110 109 \ 87 103 79 121 94 95
7 104 29 j 356 355 305 108 8 301
8 91 100 ; 80 91 77 102 90 70
9 155 240 b 224 236 219 162 232 207
10 313 356 341 353 340 313 352 329
11 57 i 57 51 58 63 58 68 50
12 114 118 111 117 121 114 124 125
13 355 190 176 136 181 175 182 185
14 238 222 209 217 224 239 226 213
15 274 254 247 250 253 274 252 261
16 310 298 295 293 290 311 296 277
17 0 0 | 0 0 0 0 0 0
18 54 55 ; 56 56 55 55 58 68
19 106 104 ; 99 104 101 109 97 71
20 148 127 126 127 128 151 134 138
2 183 166 o172 170 165 184 168 169
22 220 198 , 198 199 194 221 198 210
23 245 244 L 234 238 238 247 239 240
24 268 258 F 216 225 225 274 235 236
25 268 313 | 259 288 307 281 297 355
26 65 73 i 38 32 27 86 31 331

Note: Reference blade in disk slot Number 17.
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On the pressure side the response at 20 percent chord is approximatelv twice
as large as the response at 60 percent chord. The suction side has much
smaller responses than the pressure side. At 87.5 percent span more Kulites
were operational at this speed and they responded at the flutter frequency.

On the pressure side, flutter response is obvious at 20, 40, and 50 percent
chord witn the largest response at 20 percent chord. On the suction side,
only the Kulite at 8 percent chord showed some flutter response. In the span-
wise direction, the response at 20 percent chord on the pressure side is seen
to be slightly larger at 75 percent span than at 87.5 percent span.

The time histories taken during 70 percent speed flutter, shown in Figure
69, are qualitatively very similar to those of 65 percent speed flutter except
that the flutter responses at 70 percent speed are severely masked by noise
and other nonflutter signals. Similar results obtained at the 95 percent
speed flutter condition are shown in Figure 70. These figures provide for
only 2 qualitative assessment of the response.

The Kulite time histories for intermediate and nominal operatiag condi-
tions are provided in Appendix C for reference. The effects of throttling to
the flutter boundary can be qualitativelv examined using the appropriate time
nistories. The time histories for the operable blade-mounted Kulites at 65
and 70 percent speed indicate that the airfoil dvnamic pressure tends to be
less at the flutter boundary than at the non-flutter points. But at 95 per-
cent speed, the airfoil dynamic pressures almost double at the flutter bound-
ary. It may be the torsional strain sensitivity of the blade-mounted Kulites

that makes the recorded pressure amplitudes at 65 and 70 percent speed behave
contrary to intuition.

6.4.2 Airfoil Unsteadv Pressugs

Another observation of the unsteadv pressure on the airfoil can be
obtained from the linear spectra of the blade-mounted Kulite time histories.
Figures 71 and 72 are the linear spectra of the operational blade-mounted
Kulites during torsicnal flutter at 65 and 70 percent speed respectivelv, The
portion of the Kulite response which is at the torsional flutter frequency of
396 Hz can be seen in these spectra. For 95 percent speed flutter, the linear
spectra in Figure 73 show the Kulites to have a significant pressure component
at the flexural frequencv of 336 Hz.

Blade-mounted Kulite spectra for the nonflutter points show that the
majority of the Kulites do not have an unsteady pressure component at tne
flutter frequencv. This is illustrated in Figures 74 through 76 where the
spectral amplitudes of the blade-mounted Kulite response are plotted for the
flutter and nonflutter points at 65, 70, and 95 percent speed respectively,
Obviously, the nearly sinusoidal response of the blades at the flutter Hound -

ary stimulate a blade-mounted Kulite pressure component at the flutter froa-
quency,
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. 6.4.3 Unsteady Pressure Phase Angle

Cross spectral analyses were made to find the phase angle between the
blade-mounted Kulite response and the reference strain gage response at the
flutter frequency. Figures 77 and 78 are typical results for 65 and 70 per-
cent speed flutter respectively. Note that different reference strain gages
were used at different speeds. The phase angles generated from this analysis
are shown in Figure 79. The phase data were very limited due to semnsor fail-
ures.

6.5 BLADE TIP STATIC PRESSURE FIELD

Acquiring detailed measurements of steady and unsteady aerodynamics sur-
rounding the rotor was a prime objective of this program. Measurements to
obtain this data were made over the blade tip with casing-mounted Kulites and
static taps. Here the objective was to establish the shock structure at the
blade tip while operating at nonflutter and flutter conditions.

The flowfield static pressure distribution was generated between blade
passages as would be observed in the rotating reference system. The charac-
teristics of the static pressure distribution have a definite bearing on the
perturbation pressure fluctuations due to blade vibration.

The unsteady part of the static pressure, (Pg)pc, measured by the casing
Kulites, was used to identify and analyze the traveling waves that existed in
the flutter modes. The casing Kulite data can produce accurate information
on the amplitude and phase of all significant traveling waves from which, with
linear superposition, one can calculate the unsteady static pressure due to
blade vibrations as would be observed in the rotating reference system. The
ansteady static pressure in the rotating reference system is the key physical
quantity that all unsteady aerodynamic theories are developed to predict.

6.5.1 Static Pressure Distribution

The 64-sample ensemble average (see Section 5.2.4) of the casing Kulite
data gave the circumferential distribution of the dynamic part of the instan-
taneous static pressure. Typical results for the four flutter points tested
are shown in Figures 80 and 81. These results show the appareant blade passing
as identified by a rapid change in pressure. Also, the pressure patterns are
cleaner at the blade leading edge. It can be seen that the peak unsteady
static pressure amplitude decreases in going from the leading edge to the
trailing edge,

Contour plots of the total static pressure, variation over the blade tips
(Pglac *+ (Pg)pc, are presented in Figures 82 through 85 for the four flutter
points. With each contour plot is the circumferential average of the steady
static pressure, (Pglpc, as a function of axial position. These contour
plots are presented with isobars superimpused on an unwrapped view of several
P adjacent blade passages.
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Similar contour plots for the six nonflutter points, shown in Figures
86 through 91, are from the casing Kulite data acquired on the NOL at 70 and
90 percent speed and on an IOL at all four speeds tested. These total static
pressure contour plots provide data to determine the changes in shock patterns
with throttling and with stable versus flutter operating conditions.

At the 65 percent speed flutter point, it can be seen that the pressure
field suggests a predominantly subsonic flow situation with only slight evi-
dence of a bow shock (tip relative Mach number of 0.9 and a flow angle of 77
degrees). A detached bow shock wave is apparent at the 70 percent speed
flutter point impinging on the suction surface normal to the flow direction
(see also Reference 5). The flowfield behind the shock is subsonic at a
nearly uniform pressure level.

At the 90 percent speed flutter point, the higher Mach numbers and over-
all pressure rise create a more complex pressure pattern. The relative inlet
tip Mach number is 1.3 and the flow angle varies from 72 degrees at the low
operating line point to 74 degrees at the flutter condition. The flow is
noticeably accelerated along the suction surface at the leading edge to a Mach
number of about 1.5. This is followed by a slight precompression which lowers
the Mach number back to 1.3 before encountering the bow shock of the adjacent
blade at approximately 60 percent of the chord length. As was the case at the
low speeds, these data points are too throttled to allow the leading edge
shock tu assume a ''started" position as an attached oblique shock. For each
of the three 90 percent speed data points, the flow is subsonic behind the
normal bow shock and then diffuses uniformly to the required pressure level at
the trailing edge.

The inlet Mach number is 1.4 at flow angles of 72 and 73 degrees for the
two 95 percent speed data points obtained. As observed at the lower speeds,
the leading edge shock stands off normal to the relative flow direction in an
"unstarted' position, and flow conditions behind the shock are subsonic.

At all speeds, the pressure contours are well defined through the forward
half of the blade passage but are less distinct in the aft region. Pressure
contours in this subsonic region that would be expected to be normal to the
flow direction were often missed by the transducers. Similarly, the pressure
gradients associated with the presence of the blade were well defined only in
the leading edge region. In general, the location of the leading edge bow
shock in the blade passage could be accurately determined, and its forward
movement was observed as the rotor was throttled toward the stall flutter
boundary.

The data, as expected, shows that throttling or increasing back pressure
causes the shock to move forward towards the leading edge, especially at the
high speed points. For 90 and 95 percent speeds, the leading edge bow shocks
are observed to be swallowed into the blade passages more deeply at nonflutter
conditions than at flutter conditions. In other words, the region of shock
intersection on the blade suction surface is moved forward as the flutter
boundary is approached. This forward movement of the shock intersection region
seems to have a strung influence on the occurrence of high speed flexural flutter.

138




cour Surieaadp aIvIpawanIu] poadg IUAIIA] G9 “JOTd ANOIJUO) IIT[NY Buise)  cgg sandyy

1sd ur aanssaad :9JON MOTJALY INTICTOY

14

Ul ‘uoplrsod [rixy

02 01 0
N N R S S S S S S Siatn W

unoriIrloy

/

(13v) 1eIrxy

Isd ‘axnssaxy d131e19

diy, operg v
UOTINGTAIST( QANSSIA 110G

J




*aur Burleaadp TeurwoN paadg jusdaag g7 ‘1014 anojuo) 2311ny Buised /g oandyy

1sd up aanssaag 030N MOTJITY OATIRTIY
' \ \

Uyl ‘uorIIsod eIy

4 . 0
0 m -7 TOT O 4“\‘9 —. T YT T T r._ i
1€2]
T
o3}
[nd
.
N
. Ve
e / o
B \\ af
2T ETITR g— UOT1 1230y n
R S ; ‘\QXY\C\AYLV\A ®
w O o< m
Jdoe r
e ] , S
M.nwm. (3Jv) feixy dig, apeig v | 5
o
¥ UOTINQTAISI(] AINSSadd 210§
56 B S 2
v
. - . .
Cad:




i

QU ],

(3v)

- *out utrjeaadQ sjvipowadjul poadg
-/
Poe
S # , ~1sd up ouanssaad :9JON
C N b

[e1Xy

[ IR

uoTIRIOY

1UuddIdd 0L ‘101d INOJUO) 91T INnY Auyise)

;:L_,« antie]ay

tuo1Irsog [BIXY

o't

)
di], oprig v
o INQraIIsiI(y

AUNSSIA] 10§

141

“RR Aandryg

rsd ‘aanssaig orieig



‘outy durjeando fruituwoN poadg 1U2dI3d 06 ‘3101d Inojzuo) 2311y durse)d - gR dandir g

1sd ur ouanssouay tDION
n

Ul ‘uorlrsod [rixy

—

1

}
di], aperyg

QU ], -t uoiIrIoy
I¢ UoTINQLAISI(]
AINSSaLd 271138

(V) 1eixy

r sd
‘aanssaad d13vIS




*out] Surieasadp slerpawasalul paadg juadiad 06 ‘10Id Ino3uo)d 3TNy suised 06 aandtrd

MO[JITY AATIR(AY

21INSSa1]

- 18d ul 930N A oo D

[N . N

L 0ot S
’ T J T P
~ ©
. (e d
-
N
.
AU g, uotrieljoy M
“_w
S
)
(13v) 1exy diy apeld

je UoTINgralsi(
AINSSIAd 211038

143




IF FOOH

Ot

]
.

*outl]

Surjeasadp orvipowasjul

poade quadaad cg

1sd uy aanssaud :II0N

8y

[

W[, -

(33Vv)

[e1Ixy

= uorleloy

3

301d Inojuo) a31Iny Suise)d

‘16 2and1g

MmOT13aTY aAtTle[aY

\ f M

g gl .
vxxxn.v_,

o”" [ d1] aperg
Je Uo1INQTaISI(]
JANSSAL 211E1IS

O—

1sd
¢danssaad 211318

144




6.5.2 Analysis of Unsteady Casing Kulite Data

Averaged digitized time histories corresponding to instantaneous

pPressure measurements for the selected sector of blades were used to deter-

mine the unsteady pressure amplitudes in the Preceeding section. In this

analysis, however, the time histories were not averaged; the pressure per-

turbations at selected discrete time points (i.e., circumferential locations)

were used to examine the unsteady characteristics. Aliased time histories

were generated for 20 of the 200 digitized points from each of the 128 digi-

tized time history samples acquired on-line. Since the aliased time histories !

- are not an average but, rather, a collection of specific data points, the

' signal-to-noise ratio was rather low. This tended to mask the flutter fre-
quency, pressure amplitude, and phase in the FFT analyses. Also, slight
changes in the 1/rev triggering due to speed fluctuations during the 128 revo-
lutions of data acquisition, or slight variations in the initializing time
during data reprocessing, could cause a shift of the aliased frequencies in
the resulting spectra.

Figure 92 shows a typical example of the aliased linear spectra for a
Kulite and the reference strain gage, and the corresponding cross spectrum.
The example corresponds to the casing Kulite located at approximately mid-
chord (#705) for the 70 percent speed flutter condition. As can be seen on
this figure, the flutter frequency is aliased to 80.6 Hz due to the sampling
rate. The resultant unsteady pressure amplitude and phase relative to the
strain gage data (SG #828) at the flutter frequency of 896 Hz are shormn in
Figure 93 for about two blade passages. Similar results for two other Kulite
sensors (#707 and #709) are shown in Figures 94 and 95. One important obser-
vation from these data is that the flutter related unsteady pressure amplitude
does not repeat itself from blade passage to blade passage. In fact, perio-
dicity from blade passage to blade passage occurs if there is only one travel-
ing wave in the flutter mode. In general, the periodic pattern simply dis-

70 percent speed torsional flutter point and the 95 percent speed flexural
flutter point. At 65 percent speed flutter, the flutter frequency was within
8 Hz of the integral order response which made it difficult to distinguish. A

AN

was very small and other equipment limitations were encountered. As previ-
ously mentioned for the 90 percent speed flutter point, the rotor system was
oscillating in and out of flutter at the flutter point. As a result, a con-

P22 )
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6.5.3.1 Traveling Wave Identification

Figures 96 through 100 show the linear spectra of five representative
casing Kulites for the 70 percent speed flutter point. These spectra indi-
cate that the Kulite data over all of the blade tip chord have clearly dis-
cernable flutter signals composed primarily of forward traveling waves. At
nonflutter conditions, these nonintegral responses disappear. Also seen in
these spectra are the higher harmonics (see Section 5.5.1) of the traveling
waves. The m = 0, n = 0 frequency is the flutter frequency observed on the

Another observation is that the amplitudes of some traveling waves and
their harmonics, Primarily n = 3 to 7, increase as a function of chord and
peak at about 75 percent chord from the leading edge.

The unsteady pressure linear spectra for the 95 percent speed flutter
point are shown in Figures !9J1 through 105. As at 70 percent speed, the pre-
dominantl; forward travelirs waves of nodal diameters from 2 to 9 are indi-
cated, and the amplitudes of the higher harmonics are also significant. The

The spectra shown in Figures 96 through 105 cover the frequency raage
of U to 10 kHz. Linear spectra obtained up to 50 kHz indicated that the har-
monics of the traveling waves, at 70 percent speed, were about eight to ten
times smaller in amplitude than the dominant traveling waves below 10 kHz. At
the 95 percent speed flutter point, however, significant traveling wave har-
monics signals were observed at frequencies up to 40 kHz.

6.5.3.2 Traveling Wave Amplitude and Phase

The phase results, obtained as indicated in Section 5.5.2, of selected
Kulite data are tabulated in Tables XXI and XXII with the corresponding pres-
sure amplitude for 70 percent speed torsional flutter and 95 percent speed
flexural flutter respectively. Only the results for frequencies below 10 kHz
are tabulated because the accuracy of the phase data deteriorates dramatically
for frequencies beyond 10 kHz. This results from magnetic tape skew during
tape playback and the inherent 1/rev triggering inaccuracy. Ir fact, the
phases for the traveling waves of frequencies up to 7 kHz are accurate to only
within about $30 degrees. Note that the frequencies with the square
brackets in Tables XXI and XXII are actually negative frequencies calculated
from Equation (5), Their corresponding phases are the negative of standard

In Table XXI, the phases (relative to slipring 1/rev signal) for the sig~
aiflcant forward traveling waves of nodal diameters up to 13 are tabulated for
70 percent speed flutter. Also shown in the table are the unsteady pressure
ampl itudes of (hege traveling waves., Similar results of the 95 percent speed
flutter point are tabulated in Table XXII for forward traveling waves of nodal
diameters 2 through 5,
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Table XXI. Traveling Wave Amplitudes and Phases, 70 Percent Speed Torsional
Flutter,
CK 702 CK 704 CK 706 CK 708 cK 710
£ Pres. [ Pres. ¢ Pres. ¢ Pres. ¢’ Pres. ]
n| m (hz) (deg.) (deg.) (deg.) (deg.) 1(deg.)
-2 | (9188]* 0.09 -125
0 0 900 0.16 -54 0.09 -147
1 5944 0.14 172 0.13 -132 0.23 102 0.24 38
1 0 1094 0.13 156
2 0 1288 0.15 179
1 6332 0.07 68 0.10 -8 |
-2 | [8606] 0.11 -129 |
3| -1 | [3562] 0.15 -107
0 1482 0.11 -7 0.32 254 0.62 -145 0.36 -64
1 6526 0.12 90 0.11 -4
-2 | [8412] 0.17 -184
4 | "1 | [3368] 0.22 -128 0.15 84 0.12 =204
0 1676 0.14 -82 0.35 69 0.70 -28 0.39 -61
1 6720 0.15 171 0.15 152 0.53 86 0.92 157 0.42 72
-2 | (8218] 0.10 -16
s -1 1 [3174] 0.14 34 0.16 -140 0.13 -132
0 1870 0.06 96 0.10 66 0.40 -12 0.84 ~44 0.43 44
1 6914 0.14 149 0.13 -10 0.23 165 0.18 | -114
-1 | [2989) 0.07 82
6 0 2064 0.09 102 0.17 -33 0.46 25 0.90 -94 0.47 112
1 7108 0.14 -39
7 0 2258 0.12 10 0.21 143 0.50 55 0.92 151 0.46 98
8 0 2452 0.13 14 0.28 122 0.45 104 0.22 -130
9 0 2646 0.14 7 0.19 58 0.41 134 0.57 58
10 0 2840 0.15 166 0.20 -22 0.38 -112 0.45 ~152 0.23 -68
Il 0 3034 0.11 4 0.19 54 0.25 167 0.12 101
13 0 3422 0.22 56

'Frequenciel in brackets are negative frequencies as calculated by Equation 5.

Note:

Pressure normalized to 0.689 N/cm2 (1.00 psi)
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6.5.3.3 Pressure in Rotating Reference Svstem

The traveling wave information, amplitude and phase, from Tables XXI
and XXII was used with Equation (10) in Equation (ll) to generate the total
unsteady pressure signal that would be perceived in the rotating reference
system during flutter. The results, spanning one blade pitch, are shown in
Figure 106 for 70 percent speed torsio.al flutter and in Figure 107 for 95
percent speed flexural flutter.
For 70 percent speed torsional flutter, Figure 106a shows the amplitudes
. of unsteady pressure distributions over an equivalent blade passage with the
' blade position at the center. Strong variation in the unsteady pressure
magnitude is seen over an equivalent blade passage in both the circumferential
and the axial direction. Figures 106b through 106f show the phase angle dis-
tributions through an equivalent blade passage for the even numbered casing
Kulite sensors (Kulite #712 was out). The interesting point here is that near
the blade position there is significant change in phase for Kulites #704 and
#706. These correspond to about 23 and 49 perceat chord position from the
leading edge. Conversely, no dramatic change in phase are seen for other 1
chordwise locations. This may suggest that flutter is caused nrimarily by the
aerodynamic work input into the rotor blades over the front portion of the
blades.

Similar results are shown for 95 percent speed bending flutter in Figure
107 (Kulite #710 was out). Again a significant change in phase is seen for
Kulites #704 and #706 (or about 21 and 44 percent chord). Consequently, the
front portion of the blades may again be playing a dominant role in the flut-
ter occurrence. In addition, large phase variations occur ncar the midpoints
of blade passages. This large phase variation is attributed to the existence \
N of shock structure for this high speed flutter condition.

6.6 ROTOR EXIT TOTAL PRESSURE

As part of the effort to understand the blade wake characteristics while
operating in flutte-, the radial distribution (six immersions) of the {ree
stream total pressure was measured at the exit traverse plane. These measure-
ments were limited to the bypass stream where most active aerodynamic activity
occurs. The data presentation will follow closely the format used in the cas-
ing Kulite static pressure discussions.

6.6.1 Circumferentially Averaged Total Pressure

The total pressure loss from the designated traverse plane to the down-
stream vane was shown to be minimal in Build 2 tests by comparing cnbra probe
data in the traverse plane and vane-rake data downstream of the rotor. For
the special instrumentation data points, the circumferentially averaged steady

. total pressure distribution, (Py)pc, measured at different radial immer-
sions, is shown in Figures 108 and 109 in terms of vane-rake data along with
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the calculated blade element data at the traverse plane. At all operating
conditions, the flow near the casing always had the largest total pressure due
to fan compression., Also apparent is the increase in total pressure for all
immersions when throttling to flutter at constant rotor speed.

6.6.2 Total Pressure Radial Distribution

The total pressure probe data were ensemble averaged as shown in Section
5.2.4 to obtain the dynamic part of the Lnstantaneous total pressure, (PT)AC°
Typical ensemble averages are shown in Figures 110 and 111 for the 70 and 95
percent speed flutter points respectively,

To obtain the true instantaneous cotal pressure, the averaged unsteady
total pressure, (PT)AC» was added to the circumferentially averaged steady
total pressure, (PT)DC- Results of the true total pressure are presented as
contour plots in Figures 112 through 115 for the four flutter points. These
results are presented in terms of isobars superimposed on an unwrapped view of
three adjacent blade trailing edges. Results at 65 and 70 percent speed,
Figures 112 and 113 respectively, show the blade wakes and areas of boundary
layer buildup next to the outer wall and at the splitter. A large pressure
gradient exists near the outer casing indicating a relatively thick boundary
layer and what appears to be significant vorticity distribution in that
region. In the supersonic stzll flutter region, at 90 and 95 percent speed,
the blade wakes and the boundary layers are no longer apparent as seen in
Figures 114 and 115,

Contour plots of instantaneous total pressures for nonflutter operating
conditions are shown in Figures 116 through 118 for 70 and 90 percent speed.
Blade wakes are not apparent at either speed on the intermediate operating
line. This may be due to the small change in total pressure, amounting to
less than 0.69 N/cm? (1.0 Psi), across the three blade passages. A plot with
a smaller increment in total pressure did not reveal the wakes or provide
additional insight. At 90 percent speed on the nominal operating line, Figure
118, some evidence of blade wakes are observed,

6.6.3 Analysis of Unsteady Exit Total Pressure

The unsteady total pressures obtained from the dynamic traverse probe
were determined, as with the casing Kulites, by a cross spectrum analysis of
the 1/rev sampied time histories, Time histories constructed with 1/rev sam-
ples had the effect of decreasing the signal to noise ratio, and thereby pos-
sibly masking the flutter Pr2ssure amplitude and phase.

A typical example of linear spectra for both the pressure and the strain
gage are shown in Figure 119, This data corresponds to the 7.5 percent immer-
sion (from the outer wall) at the 70 percent speed flutter condition. As seen
on this figure, the flutter frequency is aliased to 77.56 Hz for both the
pressure and strain gage spectra. Alsc shown is a cross spectrum of these two
signals and a summary of coherence and phase between the pressure and strain.
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The circumferential variation of the total pressure at the six immersions
is shown in terms of the unsteady pressures in Figure 120 and in terms of
phase (relative to the strain gage signal) in Figure 121 for the 70 percent
speed flutter point. The unsteady pressure variation for most immersions is
shown tc lncrease at mid-passage and decrease as the blade approaches the
sensor. Also, the amplitudes are generally higher at the outer portion (tip)
of the blade passage. The phase distribution suggests a forward traveling
wave flutter mode, which will be seen wore clearly from the linear spectra of
the continuous unsteady total pressure responses discussed in the next section.

6.6.4 Traveling Wave Contents

The linear spectra of the unsteady total pressure measurement were gener-
ated to determine the traveling wave content in flutter at 70 and 95 percent
speeds. The linear spectra for torsional flutter at 70 percent speed, Figures
122 through 124, show three predominant traveling waves - the 4, 5, and 6
nodal diameter waves - at all immersions, three of which are shown. The 2, 3,
and 7 nodal diameter forward traveling waves were present but had significantly
lower magnitudes. Beyond 2.5 kHz, traveling waves were either buried in the
noise or were nonexistent. This would indicate that the unsteady total pres-
sure did not vary in the circumferential direction as drastically as did the
unsteady static pressure within blade passages and across the blade tips as
seen in Section 6.5,

For flexural flutter at 95 percent speed, only data for 14.5 and 42.2
percent immersions, Figures 125 and 126 respectively, were successfully
acquired due to Kulite failure. At 95 percent speed, the noise floor is con-
siderably higher - by a factor of 10, than that at 70 percent speed. Forward
traveling waves of 2, 3, and 4 nodal diameters, and a backward traveling wave
of two nodal diameters, are seen at 14.5 percent immersion. No significant
traveling waves are seen at the 42,2 percent immersion. This indicates that
flutter activity was concentrated at the blade tip region during flexural
flutter - as other blade vibration data and unsteady aerodynamic data have
consistently indicated.

6.7 INLET AND EXIT FLOW DATA

Two x-array, traversable, heated thin-film anemometer probes wer. used to
obtain two-dimensional fluid flow information (absolute flow velocity and flow
angle) at each of seven radial immersions. One x-array probe was located for-
ward, and the other one aft of the rotor (see Section 4.3).

The measured results are presented in terms of circumferentially aver-
aged flow velocities and absolute flow angles, contour plots for absolute flow

velocities and flow angles, and the traveling wave coantent from spectral anal-
yses.
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6.7.1 Absolute Velocity and Flow Angle Radial Distributions

Figures 127 through 130 show the radial distribution of the time averaged
absolute flow velocities and flow angles at the inlet and exit traverse planes
for the two 65 percent speed cperating points. The inlet absolute flow veloc-
ity for flutter was generally lower than that for the IOL at all immersions as
seen in Figure 127. This means that the relative incidence angle of the rotor
blades was definitely higher over che whole span at the flutter condition,
given the fact that the inlet flow angles were relatively samall as shown in
Figure 128, Also shown in Figure 127 is the calculated inlet absolute flow
velocity based on inlet rake measurements a: the flutter condition. Calculated
cesults show the same radial distribution shape, although with lower inlet
absolute flow velocity, as that of the x-array data. The calculation used an
inviscid theory with an empirical correction for the casing boundary layer
blockage effect to simulate the velocity defect near the casing. Also shown
in Figure 128 is the inlet flow angle near the flutter conditicn measured by a
wedge probe. It can be seen that there is good agreement between the wedge
probe data and the x-array data at the flutter condition, while at the IOL
unexplained discrepancies exist,

At the exit plane at 65 percent speed, Figure 129 shows lower absolute
flow velocities at the flutter condition compared to those at the nonflutter
condition, except near the splitter. Calculated data predict a lower exit
absolute flow velocity at the flutter condition. The casing boundary layer in
the exit plane was relacively thinner than that in the inlet plane discussed
earlier. Larger exit flow angles were measured toward the blade tip region
for both operating conditions, Figure 130, as a result of higher blade linear
velocity and larger blade twist angle toward the blade tip region. Also shown
in Figure 130 is the exit flow angle distributions measured by both a cobra
probe and a wedge probe at a near flutter condition. The wedge probe data are

ln better overall agreement with the x-array data than are the cobra probe
data.

Similar results for the three 70 percent speed wperating points are shown
in Figures 131 through 134, The general behavior of the inlet and exit abso-
lute flow velocities and flow angles was very similar to that discussed above
for 65 percent speed operating points.

The radial distvibution of the same physical parameters are given in Fig-
ures 135 through 138 for the three 90 percent speed operating conditions. It
is seen in these figures that the inlet and exit absolute flow velocities and
flow angles at the flutter condition were not clearly separable from the cor-
responding data at the nonflutter conditions. During the test, the 90 percent
speed flutter condition could not be steadily maintained as has been mentioned
before. There is good agreement between calculated and measured data for the
inlet absolute velocity and for the exit absolute velocity and flow angle over
the inner halfspan of the blade.

For the two 95 percent speed operating points, Figures 139 through 142
show the same physical quantities for the seven immersions. Fair agreement is
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shown between the calculated and measured inlet absolute velocity in Figure
139, but there is excellent agreement between the calculated and measured exit
flow angle at the flutter condition as shown in Figure 142. Also, the inlet
wedge probe measured flow angles agree well with the x—array data shown in
Figure 140, For presently unknown reasoas, the exit x-array measured extremely
low flow velocities at the flutter point; these are not shown in Figure 141,
However, based on the other three sets of flutter point data presented here,
the flutter flow velocity should not be too far removed from that at the
intermediate operating line, which agrees with the calculated data shown in
Figure 141,

6.7.2 Circumferential Variation of Absolute Velocity and Angle

The ensemble averaged dat . —easured by the x-array probes was used to
calculate the absolute flow v ... . - and direction (angle). Figures 143 and
144 are plots of this data for t . _nlet and exit X-array probes respectively
at the 70 percent speed flutter point, each at three representative immersions.
Similar data is shown for the 95 percent speed flutter point in Figures 145
and 146 (the previously mentioned inexplicably low exit flow velocity can be
seen in Figure 146). In Figures 143 and 144, the individual blade passages
can be clearly seen for the 70 percent speed flutter point. However, at the
higher flow velocities for the 95 percent speed flutter point, the blade
passages are no longer discernable, as can be seen in Figures 145 and 146.

Contour plots of absolute flow velocity and flow angle as a function of
the circumferential and idial coordinates were generated in the same fashion
as was done for the casing Kulite data and the total pressure data. Figures
147 through 160 show these contour plots for all flutter conditions - except
for the 95 percent flutter data in the exit plane because of the low measured
velocities. These plots show the absolute flow velocity and flow angle dis-
tribut ions over about three (65 and 70 percent speeds) or four (90 and 95 per-
cent speeds) blade passages, as one would observe in the rotor reference sys-
tem in the absence of blade vibrations (they are time averaged).

For 65 and 70 percent speed flutter, the periodic wake pattern 1is seen in
both the flow velocity and flow angle plots, though it is less obvious in the
exit plane for 70 percent speed flutter. The existence of the inlet casing
boundury layer is apparent in Figures 147 and 148, for 65 percent speed flut-
ter, and in Figures 151 and 152 for 70 perceat speed flutter, because of the
large gradient in flow velocity and flow angle near the casing. Both the cas-
ing and the splitter boundary layers are apparent in the exit traverse plane
as seen in Figures 149 and 150 for 65 percent speed flutter and in Figures 153
and 154 for 70 percent speed flutter.

For 90 and 95 percent speed flutter points, the resultant contour plots

shown in Figures 155 through 160 indicate the variation in velocities and flow
angles in the radial and circumferential direction.
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For the nonflutter conditions, reasonably good contour plots are provided
in Appendix E for reference purposes.

6.7.3 Analysis of Unsteady Absolute Velocity

The aliased time history of the absolute flow velocity, along with that
of the reference strain gage, were processed by the FFT/computer to obtain the
linear and cross spectrum amplitudes, coherence, and relative phase for the
selected intrablade points in the flowstream for each immersion. An example
of the results of the spectral analyses of these aliased time histories are
presented in Figure 161 for the 8.4 percent immersion, 70 percent speed flutter
point. The spectral analysis results (the inlet absolute velocity amplitude
and the phase relative to strain gage #828) for ten circumferential locatious
covering essentially one blade pitch are shown in Figures 162 and 163 respec-
tively for the 70 percent speed flutter point. In Flgure 162 a sudden drop in
the unsteady inlet velocity between 14 and 8.4 percent immersion is seen on
the pressure side of the blade leading edge (points 4, 5 and 6). This proba-
bly implies a significant effect of the viscous boundary on the unsteady inlet
velocity due to blade flutter. The phase data in Figure 163 again indicate
forward traveling wave type oscillations at 70 percent speed flutter as the
casing Kulite data and total pressure data did earlier.

6.7.4 Traveling Wave Contents

The traveling wave contents in the unsteady velocity data are seen in the
linear spectra selected at representative immersicns and shown in Figures 164
through 169 for 70 percent spead flutter and in Figures 170 through 175 for 95
percent speed flutter. 1In general, forward traveling waves show up consis-
tently in the inlet and exit velocity data as they did in the unsteady casing
Kulite data and in the unsteady total pressure data, For 70 percent speed
flutter, higher harmonic components of the dominant traveling waves appear in
both inlet and exit unsteady velocity data although there are more of the
higher harmonic components in the inlet traverse plane than in the exit
traverse plane. At the 95 percent speed flutter condition, higher harmonic
components appear in the inlet traverse plane but not in the exit traverse
plane,

6.8 BLADE WORK PER MODE

The aerodynamic damping was calculated, as indicated in Section 5.8, for
the 70 and 95 percent speed flutter points. The forward traveling wave nodal
diameter patterns considered were those shown to be predominant in the casing
Kulite data of Section 6.5.3: n = 3 through 7 for 70 percent speed torsional
flutter, and n = 2 through 5 for 95 percent speued flexural flutter.

The results of these calculations are presented in Tables XXIII and XXIV
in terms of the log decrement, 8aerys Negative values ot which indicate
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p instability. For 70 percent speed torsional flutter, Table XXILI, the fourth
and sixth nodal diameters are seen to be unstable, the fifth nodal diameter is
marginally stable, and the third and seventh are stable. For 95 percent speed
flexural flutter, Table XXIV, the third nodal diameter is shown to be unstable
while the others (n = 2, 4, and 5) are stable. Also shown in Tables XXIII and
XXIV are the blade tip pressure and suction surface pressure and phase data
from the casing kulites.

X These results agree with the phase data obtained from the strain gage and
ko light probe sensors as shown in Figures 66 and 67. However, the torsional
flutter phase plot, Figure 66, does not indicate the sixth nocal diameter to
be the principal flutter mode as does Table XXIII. These results also suggest
that mistuning may serve to couple more than one nodal diameter mode in flut-
ter, at least in torsional flutter. Since no effort was made to systematically
arrange the blades in the rotor, this fan had 2 percent random mistuning as
can be seen in Figure 3l. The strain gage response showed the high response
region for torsional flutter to be circumferentially different from that for
flexural flutter, with no correlation to high or low frequency blades.

The presence of multiple nodal diameters in the instability suggests that
a practical flutter prediction analysis should have the capability to consider
multiple spatial harmonics.
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7.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 SUMMARY

The purpose of this program was to obtain detailed quantitative measure-
ments of both the steady and unsteady flowfields surrounding the rotor, and
to determine the mechanical state of the rotor while it was operating in both
the steady and flutter modes.

The measured data needed to calculate the overall fan performance and
blade element data were successfully obtained from both the fixed and the tra-
versable instrumentation. Comparing the scale model rotor performance with
that of the full scale fan verified that similar performance characteristics
were achieved. The scale model rotor exhibited the same type of rotating stall
and stall flutter as Fan C at similar aerodynamic conditions.

The vibratory response of the fan blades was obtained from strain gage
signals in terms of stress amplitude, frequency, and interblade phase angle.
Each rotor blade was instrumented with one strain gage located so it would
respond to the blade's first three vibratory modes.

The strain gage data showed that there was virtually no separated flow
vibration on this fan even at conditions near the flutter boundary. A the
flutter boundary, there was a sharp increase in blade stress, with some blades
responding at their established fatigue limits. A large variation in the blade
stresses around the rotor was observed, by a factor of 8 in flexure and over 3
in torsion, with different maximum stress regions on the rotor dependiag upon
whether the flutter mode was flexure or torsion. Also, aerodynamic coupling
forced all the blades to respond at the same flutter frequency, which was the
same as the blade's natural frequency. At flutter, the strain gage based
interblade phase angles showed that while there may be more than one traveling
wave present, they are all forward traveling waves: n = 2 or 3 in flexural
flutter and n = 4 or 6 in torsional flutter. Moreover, the interblade phase
angles were found to be constant in time.

tn¢ primary objective of the blade deformation measuremeats made during
this program was to obtain the steady and unsteady tangencial deflections of
each blade of the test stage while it operated at the onset of instability and
while it was in instability. These measurements were used to determine the
changes in blade stagger (untwist) and camber (chordwise bending) and to deter-
mine the vibratory interblade phase angles. These meacurements were success=
fully made with casing-mounted light probes. Axial deformation measurements
were also desired, but were not obtained due to light probe misalignment.

The measured blade tip steady deflections agreed well with predictions.
However, at the two spanwise locations the measured deflections showed only
fair qualitative agreement with predictions due to reflectivity problems. The
data showed that the steady untwist increased about 2° as the rotor speed was




increased from 65 to 95 percent of design. At all speeds, the untwist increased
as the fan was throttled to the flutter boundary as would be expected with the
increased loading. As calculated from the measured data, the chordwise bend-
ing was shown to be largest at the flutter boundary, being greatest at the
torsional flutter boundary. The measured unsteady deflections showed a cir~
cumferential variation in the blade deflections similar to that of the strain
gage data, with the maximum deflection occurring at about the same point on

the rotor as the maximum stress. The light probe based interblade phase angles
also agreed well with those from the strain gages by also indicating the exis-
tence of forward traveling waves of different nodal diameters: n = 2 or 3 in
flexural flutter and n = 4 or 6 in torsional flutter.

Quantitative and qualitative measurements of the flowfield within a blade
passage were made with two kinds of blade-mounted sensors: Kulites and hot -
film sensors. Operational problems were encountered with both sensors: the
mounting technique for the Kulites, the temperature compensatiou for the hot-
films, and the induced strain sensitivity for both. A new installation tech-
nique was developed for blade-mounted Kulite sensors which successfully reduced
their sensitivity to mechanical strain. The limited qualitative data obtained
from the blade-mounted Kulites showed the front portion of tue blade to be more
highly loaded than the aft portion.

Casing-mounted Kulites were successfully used to investigate the shock
structure within the blade passage. The casing-mounted Kulite data provided
the circumferential variation of the unsteady component of the static pres-
sure, contour plots of the total static pressure distribution over the rotor
blade tips, unsteady pressure relative amplitude and phasing, analysis of the
traveling wave content present during flutter, and the unsteady pressure infor-
mation on each side of the blade for the blade work/mode/cycle calculations.

Static pressure distributions at the blade tip indicated that the pres-
sure contours were well defined only through the forward half of the blade
passage. Similarly, the pressure gradients associated with the presence of
the blade were well defined only in the leading edge region. The location
of the leading edge bow shock in the blade passage was accurately defined and
its forward movement in the blade passage was observed as the rotor was throt-
tled toward the stall flutter boundary. Analysis also showed that the flutter
related unsteady pressure amplitude did not repeat itself from blade passage
to biade nassage. Linear spectra of the casing Kulite data showed the flutter
signals to be composed of several forward traveling waves and their harmonics.
The amplitudes of these traveling wave components increase as a function of
chordwise position from the blade leading edge, peaking at about 75 percent
chord in torsional flutter and at about 45 percent chord in flexural flutter.
The traveling wave information was used to generate the total unsteady pres-
sure signal that would be perceived in the rotating reference system. Strong
variations in rhe unsteady pressure magnitude were shown over an equivalent
blade passage in both the circurferential and the axial directions. The cor-
responding absolute phase angle data show a significant phase shift (about
180°) over the front portion of tue blade.
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Traversable probes were successfully used to measure the radial distribu-
tions of the free stream total pressure at the rotor's exit plane and of the
two-dimensional flowfield data (absolute flow velocity and flow angle) forward
and aft of the rotor. The data from these probes was used to obtain ensemble
average time histories, circumferentially averaged radial distributions, con-
tour plots of the radial distributions, circumferential amplitude variation
and phasing relative to a reference strain gage, and traveling wave content.

The radial distribution of the exit total pressure showed that the flow
near the casing always had the largest total pressure due to fan compression
and that the total pressure increases at all immersions when the fan was throt-
tled to the flutter boundary. The exit total pressure contour plots showed
the blade wakes and areas of boundary layer buildup near the outer wall and at
the splitter when the rotor was in torsional flutter. At the flexural flutter
points and at the non-flutter points there was little or no evidence of the
blade wakes. At the 70 percent speed flutter point, the unsteady pressure
decreased as the blade approached the probe. Radially, the unsteady pressure
was higher at the outer portion of the blade passage. Linear spectra of the
unsteady exit total pressure showed evidence of forward traveling waves only
near the outer wall,

The measured inlet and exit absolute flow velocity and flow angle data
agreed reasonably well with theoretical results except in the exit plane at 95
percent speed. The flow velocities were generally larger at the inlet than at
the exit. The unsteady inlet and exit flow velocities indicate flutter travel-
ing wave contents similar to those indicated by the casing Kulite unsteady
static pressure data.

The rotor blade data obtained during this program permitted the evalua-
tion of the rotor system's stability by means of the aerodynamic logarithmic
decrement. This was done for the predominant traveling wave components. The
results of these calculations corroborate the strain gage and light probe
data: the 4- and 6-nodal diameter forward traveling waves are unstable at
the 70 percent speed torsional flutter point, and the 3-nodal diameter forward
traveling wave is unstable at the 95 percent speed flexural flutter point.

7.2 CONCLUSIONS

Extensive quantitative measurements were made for the relevant mechani-
cal anrd aerodynamic parameters for the 31.3 percent scale model of the QEP Fan
C rotor system at various operating conditions encompassing both flexural and
torsional stall flutter as well as non-flutter points, The data suggests the
following observations:

. The large circumferential variation in the blade stresses and deflec-
tions at flutter strongly discourages any engine flutter test with
only a few blades instrumented, unless one is certain that there
will be only uvne traveling wave in the flutter mode or the most
active or flutter-prone blade is known beforehand.
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) At high speeds (90 and 95 percent), strong bow shock waves inter-
secting the adjacent blade's suction surface suggest that the flex-
ural flutter may have been caused by the forward movement of the
shock wave structure when the fan was throttled to the flutter
boundary.

° At low speeds (65 and 70 percent), the weak shock waves that were
shown to exist in the steady flow field suggest that the torsional
flutter was due to something other than shock waves.

° The large phase jump across the front portion of the blade tip
implies that the unsteady pressure on the pressure and suction sides
of the blade tend to act in the same direction rather than against
each other. Consequently, one would expect that a major portion of
the work done by the air on the blades is over the leading edge por-
tion of the blade.

° The existence of many forward traveling waves of different nodal
diameters in the flutter response suggests that blade mistuning may
be important in determining the characteristics of flutter onset.

. Flutter response data obtained in this program are detailed enough
to serve as standard test cases for existing flutter prediction tech-
niques.

7.3 RECOMMENDATIONS

During initial component or engine tests, if all the blades cannot be
instrumented, some type of non-contacting stress measurement system (e.g.,
light probes) should be used to insure safe operation. The argument for light
probes is that they look at every blade at least part of the time (once per
revolution), whereas strain gages nonitor only a few blades all of the time.

Further development is needed to achieve reliable measurements with blade-
mounted derodynamic instrumentation.

A reliable system capable of non-integral order data sampling would be
a major contributivn to greater phasing accuracy.

Blade mistuning research will be important in obtaining a definitive
characterization of this contributory aspect of cascade flutter.

A better understanding of the physics of stall flutter may be obtained
by a more in-depth analysis of the voluminous flutter data obtained in this
program,

The data obtained during this program should be used to validate existing
flutter prediction codes and to provide insight for the development of new
codes,

L)
- 6 we o - o
A e




PCT IMM

IN

ouT

RADIUS

MERID ANGLE

STREAM FUNCT

ABS ANGLE

REL ANGLE

ABS VEL

REL VEL

MERID VEL

TANG VEL

BLADE SPEED

ABS MACH NO

REL MACH NO

STATIC PRES

TOTAL PRES

TOTAL TEMP

APPENDIX A

BLADE ELEMENT DATA NOMENCLATURE

Subsecript 1
Subscript 2

r

Percent immersion, 0% at casing wall
Value at rotor leading edge

Value at rotor trailing edge

Radius from rotor centerline, cm (in.)

Meridional angle, measured between stream
surface and cylindrical surface, deg.

Stream function, 0.0 to 1.0 from rotor tip
to rotor hub

Absolute flow angle, measured from axial
direction, deg.

Relative flow angle, measured from axial
direction, deg.

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

Air Velocity relative to rotor blade, m/sec
(ft/sec)

Meridional component of air velocity, m/sec
(ft/sec)

Tangential component of air velocity, m/sec
(ft/sec)

Rotor speed, m/sec (ft/sec)

Absolute Mach number

Mach number relative to rotor blade
Static pressure, N/cm? (psi)

Total or stagnation pressure, N/cm? (psi)

Total or stagnation temperature, ° K (° R)
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Meanline incidence angle, difference
between flow angle and the blade camber
line angle at the leading edge in the
cascade projection, deg.

Suction surface incidence angle, difference
between flow angle and the blade suction
surface angle near the leading edge, deg.
Deviation angle, difference between flow
angle and blade camber line angle at trail-

ing edge in the cascade projection, deg.

Change in the relative flow angle from
rotor inlet to exit, deg.

Diffusion factor

' (rvg) - (rvV
v, r Vel T Ve,

= 1
Vl 2r ¢ V1

Total pressure loss coefficient

p! - P!
zid 2

.
P

w = -

Loss parameter

_ w cos Bé
P 20
Adiabatic efficiency

Polytropic efficiency

Corrected inlet flow rate = W/8/6, kg/sec
(1bm/sec)

Stage pressure ratio = P,/P;
Stage temperature ratio = Tp/T)
Mass-weighted average adiabatic efficiency

Corrected rotor speed = N//6
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Table A-1.

URIGINAL PAGE 18
JF PGOR QUALITY

{(b) English

Design Point (Predicted) Blade Slement Data (Cc

ncluded),

Meridional Stream Absolute Relat ive
Percent Radius Angle Function Angle Angle
lemersion In Out In Out In v——6G?—_‘__i;‘_—33?__.__73—_'_5;?_—q
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APPENDIX B - BLADE COORDINATES

Stacking
Point

RTE

Note:

Forward

RLE

y:fTangential

//(ij;;;gent
Line

1

x, aft

Manufacturing coordinates for blade sections are

in cylindrical coordinates.

Figure B-1.

e

[
3
-

Airtoil Geometrv Definitions for Manufacturing Coordinates.
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Table B-11.
SECTION L
CENTIMETERS INCHES
X Y X A

7.933858 g.35621 g.2151Y g.14924
-3.19728 1.15654 -3.07767 J.4857323
-3.47297 1.94491 ~.1862! F.TIHCIC
-0.74591 2.67382 ~9.29405 1.43237
-1.00528 3.31859 -9.349578 1.25653
-1.21618 3.86331 -»J.47878 1.52099
-1.36515 4.253009 ~-2.53746 1.67441
~1.45693 4.49913 ~3.57324 1.77131
-1.594193 4.63649 -g.5922 1.82639
-1.087366Y9 4.63743 -2.6H.9¢ 1.84927
~-1.533532 4,57093 -2.06129%6 1.83395
-1.53854 4.58483 -2.6H571 1.84505
-1.439344 4.49781 ~8.548797 1.73536
~1.4%231 4.11284 -0.852my 1.61923
-1,25291 3.66429 ~d.49327 1.142678
-1.45783 3.06464 ~Q.41047 1.24655
~0.828272 2.37884 -Q.32607 .93655
-d.5733% 1.51351 -0.22573 J.63524
-9.340965 G.31299 -£.13425 J.3197¢
-g.12487 3 I8JI7 -0 0920 J.0G239
2.033985% -J.30051 g.935802 -2.31516
9.32738 ~1.59947 g.12889 -.62617
9.56482 -2.30297 B.22237 -9.99668
0.78349% -2.93124 2.31120 -1.15403
0.93528 -3.42209 2.38830 -1.34728
1.12867 -3.75148 Q.44436 -1.,47814
1.21828 -3.95572 Q.4849 -1.,88737
1.26685 -4.095831 J.49876 -1.59776
1.34428 -4.09949 8.51377 -1.61043
1.31168 ~-4.94114 g.51641 -1.59109
1.233593 -3.93156 J.5453% -1.547836
1.22852 -3.717%949 2.48367 -1.46374
1.13716 -3.36804 H.44770 -1.32609
2.93993 -2.86027 8.39913 -1.12609
8.77931 -2.22287 3.30347 -Q.8B7743
g.54493 -1.51404 g.21454 -0.59608
2.31839 -0.720%9 g.12551 ~%.23366
2.18937 0.98722 B.04366 0.4U3422
RADIUS = 27.26944 CM = 10.73608 INCHES
CHORD = 9.,24564 CM = 3.64000 INCHIS
RLE = g.91524 CM = J.09688 INCHIS
RTE = g.02286 CH = P.00904 INCHES
DELTA = 1.25789 RAD. = 72.96667 DEG.
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APPENDIX C - BLADE/MOUNTED-KULITE TIME HISTORIES
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. APPENDIX D - EXAMPLES OF UNSTEADY DATA COMPUTER PROCESSING
. Table D-1. Casing Kulite Ensemble Average for 200 Points.
%,
MIMEER OF FRAMES IN THE AVERRGE » 64 AVERAGE SPEED = 11689
NUMEER OF SAMPLE POINTS » 200 MACH MMEBER » 0.500
SAPLE RATE = 320000. HZ RADIAL POSITION =  10.509
IMDEX  DISTANCE X § 76 ™NoEX
(INCHES) (PSI ) bISTece X & 75
1 9.0000E +00 @.11e86+01 (PSI
2 0.4013€-91 0. 10406401 101 0. 4013€+01 -9 9153 +00
3 0.8027E-01 9. 94465 +00 102 0, 4054E+01  -0.6B64E+00
4 0. 1204E+00 0.9135£+00 103 0. 4094€+0 0 .5904E+00
5 9. 1605E +00 9.8921E+00 104 0.4134401  -0.442%€
: 6 0. 2007E+00 9. 8680€ +00 105 9. 4174E+Q1 ~0.2166E+00
7 9. 2498E +00 Q. 8220F +00 106 Q. 4214E+01 0 .1624E+00
8 @.28096+00 0. 7874E+00 10? Q. 4254£+01 -9 . 1654E+20
N 9 0.3211E+00 9. 7B37E+00 108 9. 4294E +01 -0 . 15256 +20
» 10 9.36126+00 0.748 +00 109 0.43346401  -0.1615E+00
11 Q.4013F+20 0. 7090E +00 110 9. 4375£+01 -0.1811E+00
12 Q. 4415E+00 0.66166+00 111 0.4415E401 -9,
13 Q.4816E+20 @.6164E+00 112 Q. 4455E+Q1 ~0.1912£+00
14 0.52176+00 ° 04 113 Q. 449SE+01 -9 .8870€-01
1! 9.56196+00 9.5701E+00 114 9. 4S3SE+91 0.2221E-01
16 @.6020€ +00 @ +39 115 Q. 4S7SE+DL 0.1119€+00
17 Q.6421E+00 0.48165+00 116 Q. 4615E+01 9 .35304E+20
9. 6823€6 +«30 Q.41 41E+00 11?7 Q. 4656E+01 9. 4424E+00
19 0. 7224E+00 0.6337%+22 118 Q. 4696E+01 0. 4861E+0¢
0. 76255 +00 0 SEEE 00 119 0. 4736 +01 0.6710€+00
a1 0.827E+20 9.3491E+00 120 0.4776E+01 9.7373€
2 @.S428E+00 0.3938C+00 121 Q. 4816E+01 Q9 7496E+20
Fx) . 8229 +00 @.3273E +00 122 Q. 4856E+01 0 . BORCE +20
24 9.9231E+00 0.1953C+00 123 0. 4896E+a1 Q. 8393€E+20
ac 0 %ex 0. 1166 +00 124 0. 4926E 401 9. 8542E+00
26 2. 1003 +01 0. 763X -2 125 Q. 4S77E+01 Q. B79SE+00
> @ 104%+01 -0 00 126 ©.5017E+01 9. 9543 +00
28 0.1084E+01 -0 316E+00 17 9.5057E+01 8 9774E+00
2 Q.1124E+01  —-0.6961E +00 128 @.Sog7E+01 9.915%+00
% 0 1164E+01 -0 1008E 0t 129 0.5137E+01 0. 3222E+00
31 0 12046+01 -0 14101 130 0.5177E+01 8. 10126+01
2 0.13446+01  —o. 1cEaEsol 131 9.5217E +21 . 1e4SE+01
n 9.12B4E+Q1  -0.17BRE+01 132 8.5253c 401 9. 90456400
34 0.132464+01  —o 1957Es01 133 @.5232E+01 . 7OECE +00
s 0. 1365E+21 9. 1891E+01 134 ©.S338E+01 0. 8109E+20
% @ 14056401  -9.1667E+01 15 @.5378E+01 2. +20
3 0 1443E+01 -0 1408401 136 9.5418€+01 0 4E01E+00
38 ©.1485E+01 -0 11106401 137 Q.5452E+01 0. 4249€ +00
- ] 0.152GE+01 -2 +00 138 Q. 5498E+01 0. 3301E+00
49 Q. 1565E+01 -Q. 76665 +00 139 @, S53CE+a1 9. IT39E 20
41 . 1605E+Q1 - +00 140 Q SS79E+01 0. SO23E +00
< @ 1645E+01 ~9.61906+00 143 9.5619€+01 Q. 4643E +00
43 8 168656401 -0 +00 142 9 SEEE +01 0 3293€ +00
44 @ 1726E+01 -0.57216+00 143 Q.S63%€ +01 Q. IZO%E +00
“« Q 1766E+01  -@.5167E+00 144 @.573%+01 e +20
% 0 1806E+Q1  -9.2778E+00 %:g g g’%gi 0. 2172E +00
47 @.1B46E+Q1  -Q. ' S319€+01 9 2169 +00
“8 @.1BBEE +01 -0%3 147 ©.5860€+01 9. 2328
© 0 1SOE+01 o Sacskreo 148 @.S900F +01 9.2117E+00
9 9. 1967E+01 -@. 23855 +00 149 @.5940€ +01 Q. 20B4E+00
3 0.2007E+01 -9 16306400 150 9 S930e+01 9. 1878E +20
R 8.2047E+01 0,605 -01 151 0.600€+01 0. 2771E-21
53 | SoEE01 0.626x 01 152 9 6060E+01 -9, 1914E+00
54 0.2127E+01 0. 237X +00 153 9 €100€+01  -0.2882¢+00
ss 0.2167E+01 9. 30526 +00 154 9.61406+01 —0. 4425400
55 0.2207E+01 @, 45596 +00 155 9.6181E+Q1 =9Q.6487E +20
7  9.Z47%+01 ©.668X+00 156 9.621E+01  -0.9v64E
[>-] 0.2288E+01 Q. 72055+ 157 Q.6261E+01 -9.1319€+01
9 8. 2327 +01 @.7907E+20 158 @ 6301£+01 -0. 1440 +01
.60 0.2368E+01 ?.9165E+00 159 Q.6341E+01 —2. 1646£+01
61 0. 2493 +01 @.98516+00 160 9.6331E+01 =Q. 1879E+01
& @, 2445E+01 . 91956400 161 9. 6421E+01 @ 1°92E+01
63 @.2438E+01 0. -9 162 @.6462£+01 -@. 1802E+01
64 @. %2R +01 9.8493E+00 1€3 9. 650 +01 =0.163¥%+01
=3 .56k +01 Q. +3 164 Q.6542£+01 ~Q. 1350€+01
" 66 Q. 26509 +@1 9.8601E+Q0 165 ©.6582£+01 ~9. 12326 +Q).
& 9.2645€ 401 ©.6722% +29 166 0.6622£+01 -9 7972x 4«0
68 . 5629401 0 664X ro0 167 9 GE62E+01  -@. 6IIE+00
63 9.2729+01 9. 7953% «20 168 @.6702E+Q1 ~Q.5105E+00
2 0.Ze%+01 0. 5044E+00 s esvaxiol -0 +20
71 0.280%+01  ©.6727%+00 157 oe7sXsor -0 2eskw00
72 0.28506+01 0 6562r+00 174 96mxv01  -e 3test.o0
73 0.2ZBME01  0.6504E+00 172 0.6%xX.01 -0 2914400
24 9.29306+01 9.5627E+00 173 @ .6993E+01 ~Q 193 7%E +00
”x 0. 29706+01 o 20:+ 174 D GHE+0L  -@ 1239E+00
7% @ 30106401 0 61300 175 0.698E+01  -@. 1104E+00
» 9. 30506401 Q. +20 176 9.7023€+¢'1 ~@ 10G4E+00
’ 28 @, 30906 40 0 Gicateo0 17 Q. P064E+¢ -0 1221E-02
.- » 9. 31306 +01 . 6Pe7E +@0 178 2.7104€+01 @ 1229400
[ ) 9.3171€+01 0. 62306 +00 19 9.7144E+01 Q 2272
81 0 3! 1601 0. 60346 00 180 9 71R4E+01 Q.341 700
8 @ 355 1Fs01 @ 753 00 181 9 7224E+01 Q. 4425E +00
8 0.3291€+01 9.6203E+00 182 @ T264E42. 9 SSA1E+00
84 0 IDE01 @ Tt 00 183 0. TI04E 401 Q 61E4E+00
8S 9.3371E+01 9. B392F +20 184 @ 7344E+¢1 "] TE+0d
86 ® 341401 @ GO5SE +o0 185 9 7385E «@ ©.891 7 +00
87 @ 345X +0i 9. 5707 00 1 . 7425E 401 @ 843%E «00
83 9. 3495t 01 9 S639% 00 187 0 7465E+01 @ 83106400
89 @ 3£+t °. +20 i 8. 7S5E 2
90 @ 337oks01 2 1517t 00 189 9. 754°E +01 @ 741SE+00
91 0 361501  -o. o 190 ® 75k eay @ 810 +00
® 0 MEFX+0L 8 Trifres 191 9 762SE+Q1 @ 8139€+00
9 0 J6UX+91 -9 69INE+00 ige @ 7eseE 0! 2 765 +00
. 94 o TLreor o <20 197 @ 7eseeal  @.834SEem
¥ T 0 IVE  -9.1251E401 1 ddeEeel e gmEem
b 9% 9.3B1%01  -9.1417E+01 195 @ 726E+01 Q. 7434€ +00
P 0 WXL -9 143E01 15 @72kl g gTakemm
98 0.3BUX-01 -0 143401 1% S Zesot o )o:e4
e, 262 ‘2 :mm:t 9. 12855 +01 1% g M“Eg} ° %g:g
t el M ¢ oExe SXI0E+00

g ] - - - - -
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. Table D-2. Cross Spectral Analysis of Casing Kulite and Reference
Strain Gage for Phasing.
AVERARGE SPEED » 11680 MACH NUMBER = 0.500
CIRCUMFERENTIAL LOCATION = @ .21271E+01 RADIAL POSITION « 10.500
> CHANNEL. A = SG & 828 CHANNELL B = (K ¢ 705
INDEX FREQUENCY CROSS-SPE PHASE ANGLE AUTO-CH A AUTO-CH B COHERENCE
HZ MAGNITUDE DEGREES
M 1 9.00 Q.6610€+01 -180.00 9.4377E+01 9. 1507E+01 1.000
» 2 1.52 Q. C444E +00 -84.38 Q. 7425E+00 Q. 35426 +00 @.863
3 3.04 Q. 8553€-01 -39.37 0. 1368E+00 Q.5740E+00 1.000
4 4.56 0. 2444E+00 78.75 9.2736E+00 Q. 8593E+00 1.000
S 6.08 9.2810E+30 -30.94 9. 351 7E+00 Q. 8574E+00 9.863
6 ?7.60 Q.6476E+0Q 45,00 Q. 93BE+00 Q. 7963E+00 0.752
? 9.12 Q.2322E+00 22.58 Q. 4299E+00 Q.6106E+0@ 9.782
8 10.65 Q. SCBeE+00 61.87 Q. 8598E+00 9.1158E+21 9.870
S 12.17 ©. 3666E-91 135.00 Q.538626-01 Q.5740E+00 1.000
10 13.69 @.1711E+00 =) 9. 576SE+00 Q. 2956E+90 1.000
11 15.21 Q.2933E+00 -144 .84 0. 390BE+00 Q9 ?132£+00 1.000
1 16.73 Q. 7820 +00 -14 .06 0. 898IE+0 Q. 8964E+0Q 9.942
13 18.25 @.1173€+01 60 .47 Q. 9770E+00 9.1312E+01 2.838
14 19.7? 9. 4154E+00 =105 .47 Q. 4983E+00 Q. 78655+00 1.000
15 21.29 Q. 4032E+00 -161.72 9. 1065SE+01 @ 390BE+0Q @.939
16 22.81 Q.2444E-01 135.00 0. 20ScE+00 Q9. 502€E-01 1.000
1?7 24 33 9. 1955E+00 129.37 0.2931E+00 Q. ES46E+0Q 1.000Q
1 25 .55 Q. 1344E+00 183.75 9. 351 7€+00 ¢ . 3835E+2@ 9.993
19 2?.37 Q. SBESE+0a -59.06 9.6448E+00 €. 9331E+2Q 0.95c2
20 28 .9 0. 3177E+00 160 .31 Q. 4006E+00 0.8183E+00 9.9339
21 39.42 Q. S2S4E+00 ~43.59 0.7621E+00 Q. 7474E+00 9.851
22 31.94 Q. 1466E +00 146.25 Q. 3810E+00 Q. 3853E+00 0 334
23 33.46 O 4388E-01 -78.75 Q. 224TE+00 Q. 1954E+00 1.000
24 34.98 3.6476E+00 S0.628 Q. 1045E+01 Q.7157E+0Q ©.749
a5 36.50 9.7331E-01 33.75 @. 4885E~01 Q. 1331E+01 1.000
26 38.02 9. 1833E+00 149.06 . 2931E+00 Q. S789E+00 1.900
a7 39.54 Q. 2S66E+0e -106.87 Q. 4494E+00 Q. 5960E+20 2.918
a8 41.06 Q.3177E+0Q 137 .81 0. 61556+ Q. SISEE+0Q 1.000
a9 42.58 Q. 1833E+00 ~123.75 9. 4104E+0 Q. 4446E+00 1.000
3 44.10 9. 1833€+00 -33.7% Q. 488SE+00 Q. 4006E +00 0.877
31 45 .62 Q.3421E+00 125.16 9. 61SE+0 Q. 1058E+21 0.801
x 47.15 Q. 122PE+00 e8.13 9. 5031E+00 9.2614E+00 Q.847
3 48 .67 9.2810E+00 -78.75 Q. 234SE+00 9.1212E+01 0.979
34 S0.19 Q. 1222€ 400 =73.12 Q. +00 Q. 3615E+00 1.000
35 S1.71 Q. 1344E+00 ~123.7% Q.3713€+00 Q.3073E+00 1.000
36 53.23 Q. 3666E+00 3.44 0.1192£+01 Q. 3346E+20 0.84S
\ ? S4.75 0. 19S5E+00 -132.19 Q. 4104E+00 Q. 4177E+00 1.000
38 S6.27 Q. 1955E+00 129.37 Q.S276E+00 Q.3444E+2Q 1.000 \
39 S?.79 Q. 1344E£+00 168.7S 0. 4104E+00 9. +2Q 1.009
49 59.31 0.2810E+00 46 .41 Q. 45S2E +00 Q.6571E+00 9.868
41 60.83 Q.1026E+01 -5.63 Q. 801CE+PQ Q.1343E+01 0.909
42 62.35 Q. 4521E+00 -99.84 Q. Q. 5423E+00 9.899
43 63.8?7 Q. 1466E+00 .00 Q. 2247E+00 9.6766E +20 2.33e
44 65.40 Q.7331E+00 81.56 Q. 810GE+00 Q. 9990E +00 ©.819
45 66 .92 0. +00 3.7 Q. Q. 1473E+01 9.770
46 68. 44 9. 6354E+0 -123.7% 9.6351E+09 @.1077E+01 9.863
47 69.96 9. 3910€E+R .78 Q. Q. 7425E +00 @.863
43 71.48 Q. 6476E+00 -119.53 9. 1524E+01 Q. 4421E+00 9 G24
49 73.20 Q. 8553€-01 .50 . 1348E+01 Q@.6595E-01 9.938
=] 74 .52 Q. 63S4E+0 -169.31 9.2198£+91 . 3102E+90 ?.858
St 76.04 @.1124E+01 -39.37 9.1343E+01 9.9551E+00 ?2.762
Se 77 .56 Q. 1454E+901 -1.41 Q. +0 Q. 1S36E+01 0.922
S3 79.08 9.1067E 2 -5.63 . 683E+O1 0. 299GE+01 @.935
S4 80.60 0.3374E+02 43.59 9.6615E+01 Q.535TE+Q1 @ 733
S5 212 .1735E+01 149 63 0. 1E68E+01 . 1050E+01 9.734
S6 83.65 Q. 1202E +01 a3 0. 1593€+01 ©.7181E+X0 9.768
S? 85.17 Q.2370E+21 4218 0. 1983€+01 Q. 1304 +01 0.849
S8 86 .69 Q. 7576E+00 105.47 9.1094E+01 Q.7621E+00 9.825
S9 88 .21 @.1711E+00 -30 94 Q. 107SE+01 2.1563E+00 1.000
(= 23 Q. 2322E+00 70.31 9 7TTE+O0 Q. 2638E+00 9.862
3% 91.2% Q. 2O77E+0 67 .50 9. 1563€ +00 Q.1466E+01 @ 822
62 .77 Q. 4643 +00 130.78 Q. 7Q3ISE+0 9.6692€+28 2.973
63 34.29 Q. 354 +0 2.81 9.3127E+00 Q. 12S2E+Q1 2.812
o4 95.81 Q. 1466E+20 25.31 9. 17539+ Q. 8036E+20 1.9
4
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» Table D-3. Pr Yaw Probe Ensemble Average for 200 Points.
R NIMEER OF IN THE AVERAGE = 64 AVERAGE SPEED » 11688
NISER O POINTS » 200 MACH NUMBER = ©.500
SYPLE RATE « 90009. H2 RADIAL POSITION « 9.958
TOTAL veu TOTAL .
INOEX DISYANCE PRESIURE ANGLE INDEX DISTANCE
(INCHES) (PSI) (DEGREES) LINCHES) {PSI1) (DEGREES)
1 9. 000E +D0 0. 1847 81.7@ E ¢ 3806E-01 @. 1BS1E+08 1.70
3 9.76126-01 0. 1844E+02 81.7Q 4 Q.1142£+20 0. 1840E+02 81.7
s 9. 1522 +00 0. 1844E+02 81 .70 6 Q. 1903 +20 9.1843€+02 81.70
. ? Q. Z2B4E +00 Q. 1847E+02 81.70 8 Q. 2664E +00 9. 1850€+@2 81.70
9 9. ID4SE +00 9. 1845E+22 8L .70 10 Q. 3426E+20 0. 1847E+22 81.70
11 . 3806E +00 9. 1B48E+A2 81.7Q 12 Q. 41876+00 9. 1846E+02 81.79
13 Q. 4567E+00 0. 1844E+22 81.70 14 Q. 494BE +00 0. 1B48E+d2 81.70
S 1S 9. S320E +00 9. 1843+ 81 .70 16 Q. 5709 +00 2.1 +02 81.70
. 1?7 9 . GRIE +00 9. 1840E+02 81.70 18 0 .EA71E+00 9. 1845E+22 81.70
» 19 9.68S1E+00 Q. 1848E+22 81.70 Q. 72326 +00 . 1856E+02 81.79
21 9.7612E+00 Q. 186X +02 81.70 Q. 7993E+20 9.1856E+22 81.70
3 9. EIV4E+00 Q. 1855E+02 81.70 24 0. S7S4E +00 @.1856E+22 81.70
= Q.913SE+0 9.1351E+02 81.70 26 0.9516E+00 9.1852€+22 81.70
4 9.9896E Q. 1H50E+22 81.70 28 0. 1028E+01 9. 1862+ 81.70
=) 9. 1066E+01 9.1857% +2 81 .70 R 9.1104E+21 9.1BSSE+R2 81.70
31 9.1142€+01 9.1861E+02 81.70 £ 9. 1180E+01 9.1871E+@2 8t .78
3 9.12186+01 Q. 18B1E+R2 81.70 34 Q. 1256E+01 9.1891E+2 81.20
x 2. 1294E+d1 9. 1897E+02 81.70 3% 9.1332€+01 ?.1901E+22 81.70
? 9. 13706+01 0. 1890€+2 81.70 33 Q. 1428E+21 9. 18B4E+22 81.70
» Q.1446E+01 Q. 1892 +02 81 7@ 40 Q. 1484E+01 Q. 1B87E+R2 81.70
41 9 .1522€+01 ?.1875e+02 81.70 2 9.1561E+01 @.18726+2 81.70
43 9. 15996 +21 Q.187FE+2 81.70 a4 Q 1637E+01 9.1862€+02 81.70
45 ?.1675E+01 Q.1867E+02 81.70 46 9.1713€+01 Q.1882€+22 81.70
4?7 ?.17S1E+01 Q. 1878E+2 81.70 48 9.1789E+R1 9.1883€+02 81.70
49 2. 1BC7E+01 Q. 1B86E+02 81.70 50 ?.1865E+21 9. 1884E+2 81.70
S1 9.1903€ +d1 9. 1901E+22 81.7¢ s2 9.1941E+21 Q. 1907E+22 81.70
s3 ?.1979€+01 9. 1900€+02 81.70 54 ©.201 7E+01 Q. 1913 +02 81.70
S5 9. 2065E +21 0. 1921E+02 81.70 S6 9.2093E +01 9. 1S20E+22 81.72
5?7 2.2131E+21 9.1 +2 81.70 S8 2.2170E+Q1 9.1916E+02 81.70
s9 @.2208E+01 9. 192SE+02 81.79 60 Q.2246E+01 2. 1926E+22 81.70
61 9 .2284€ +O1 ?.1927E+22 81 70 =] 9.23226+01 Q. 1940€+02 81.70
&3 @ .2360€+21 0. 19446402 81 70 64 0 .2398E+01 0. 1943E+02 81.70
&S 9.2436E+01 Q. 1945E+02 81.70 66 0.2474E+21 0. 1954E+02 81.79
67 ?.2512€+01 0. 19506 +02 81.70 68 9. 2S5 +01 ©. 19456 +02 8:1.70
. 2588E +Q1 Q. 19536 +02 §. I 9. 2626E+01 9. 1949€+02 81.70
71 9. 2664E+01 0. 1943€+02 81.79 Kcl 9 .2702E+01 Q. 1940€+02 81.70
M 0. 2740€+01 0.1934E+02 81.70 24 9.2779%€+01 9. 1939€+22 81.70
» 9.2817E+01 Q. 1941E+02 81.70 % 0. 2855E+01 @ 1929 +02 81.70
o K4 Q.289XE+01 9. 1930 +02 81.79 78 9. 2931E+01 Q. 1934E+02 81 70
- ke 9.2969€+01 Q. 192SE+02 81.7 9 9. 3007E+Q1 Q. 1926E +02 81.70
81 . 304SE+Q1 2. 1922E+02 81.70 ] 9. 3083€+01 Q. 1907E+02 81 .70
g3 9.3121E+Q1 0. 1901E+02 81.79 84 Q.3159E+21 9. 1902€ +02 81.79
% 9.3197E+01 9. 1991E+02 81.70 86 Q. +01 9. 1909€+22 81.720
87 . 37E L 9.1 a2 81.70 88 9. 331 1E+d1 9. 1906E +02 81.79
89 . 349E +1 Q. 1906E +02 81.79 90 9. 33BBE+D Q. 1897E+e2 81.70
91 0. 3426E+91 9. 1903 +02 81.70 ] Q. 3464E+21 0. 1997E+2 81.70
3 0. BAE+OL 9. 1902E +a2 81.70 94 Q. 3540€E+01 9. 1904E +&2 81.70
o5 @.3B79E+01 9. 1998E +02 81.70 96 @ .3616E+01 0. 1908€ +02 81.70
4 9. 3654E+01 0. 1992E +02 81.70 98 9. 3692E +01 9. 1911E+02 81.70 R
) 0. 37RE+01 0. 1919€ +02 31.70 100 9. 37686 +01 0. 19186+02 81.70
101 Q.3806E+91 Q.1 *2 81.7%0 102 @.3844E+01 0. 1921E+02 31.7%0
103 @.38B2E+01 0. 1923€+22 81.70 104 Q. 3920E +0t 2.1 -2 81.79
106 @.3958E+21 2. 1918E+02 81.70 106 ©.3997E+01 Q. 1921E+02 81.70
197 Q. 4Q3TE+OL Q.1923€+02 81.70 108 0 4073E+01 0. 1926E +02 81.70
109 Q. 4111E+01 Q. 19186422 81.70 119 Q. 4149€+01 8. 1922E+02 81.70
111 Q. 4187E+01 9. 1930E+22 81.70 112 @ 4225E+01 0. 19296 +02 81.79
113 Q. 426X+ Q. 193BE+R 81.70 114 Q. 4301E+01 Q.1938€+02 81.79
115 @, 4339€+01 9. 1930€+22 81.70 116 @ 437E+A1 Q. 1926E+02 21.78
112 Q. 44156401 Q. 1932€+a2 1.7 118 0. 4453€+Q1 0. 1929€+02 81.70
119 Q. 4491E+21 Q. 1917E+R 81.70 120 ©. 4529€+01 ©.1918E+02 81.70
121 Q. 4567E+01 9. 1S20E+2 81.70 122 0. 4606E+01 Q. 19266+02 81.78
123 Q. 4644E+01 e, 19236 +22 81.70 124 0. 4682€ +01 9. 1922E£+02 81.78
135 Q. 47206+9% @ 1934E+02 81.79 126 Q. 47C8E+Q1 9.1935E+02 81.70
127 Q. 4796E+91 Q.1915E+22 81.70 128 0. 4834E+01 0.1919€+32 1.70 g
129 9. 48726401 9.1919€+2 81.70 13 2.45106+01 Q. 1923 +02 81.7@
131 Q. 494BE+Q1 9.1918E+22 81.78 132 0. 4986E +21 0.1916E+02 81 70
133 2. 5024E+91 .1 81.70 134 0. S62E +81 2. 193¢ +02 31.79
135 9.5100€+91 9.1931E+@2 81.70 136 ©.51386+01 ? 1931E+02 81 7@
137 9.5176E+01 9. 1931E+dE 81 .70 138 ?.S215E+01 0.1924€+02 81 .70
1% 9.5253E 1 @ 19186+ 81.70 140 9.S291E+01 Q.19156+02 81.7)
141 9.5329€+01 0.1917E+22 81 .79 142 2.S367E+01 9. 19206 +02 81.70 .
143 Q. 5405E +01 Q.1916E+a2 81.7%0 144 ©.5443+01 9.1923€+a2 81 7@
145 9.5481E+91 Q.1 +2 81.70 146 9.5519€+01 9.1524E+02 81.70 '
147 9.5557€. Q. 1S2E 2 81.70 148 ©. S595E +01 9.19156+02 81.7¢
149 9. SE3E+A1 Q 191E+R 81.70 150 @ SS71E+01 Q.1913€+02 B1.79 :
151 9.570%€+01 019126 +32 81.78 152 Q.5747E+Q1 Q.1917E+02 81.70 ?
183 Q.S7BSE+01 9. 19276 @2 81.70 154 0.SB24E+01 0. 1944€ +02 31.7
1S5 9.SBE2E +01 Q. 1947E+2 81 .70 156 0. S900E +d1 Q. 1934E+02 81.79
- 157 9.5938E 401 9.1827E+2 81.70 158 @.S976E+01 Q. 1SS7E+02 81.70
159 o.soxc:; . 1522E 2 81.70 160 ? 6OB2E+01 9.1919E+02 81.70
161 9. Q. 1924E+02 81.70 162 ©.6128E+01 9.1916E+02 81.70
. 163 9.6166E+01 0. 1921E6+02 81.70 164 0. 6204E+01 Q. 1937E+02 81.70
165 9.6242+01 9. 1923 w2 81.79 166 Q. 6BOEO} ?. 191602 81.70
167 9.6318E+01 9.1918E+02 81 .70 188 @.6356E+01 9.1910€+02 £1.79
169 9. 6394E+01 9. 1913 +02 81.70 1729 Q@ 643X+ 9.1913€+a2 81.79
121 0.6471E+01 9. 1905E+02 81.79 172 9. 6529 +01 @ 1905E+02 81.70
173 Q.6547E+01 Q. 1909€ +02 81.79 174 0. 6R3SE+D1 ?.1912€+02 81.79
S 175 9.662E +01 0 1901E+A 81 79 176 9.6661E+01 Q.1 -2 81 70
17? 9 .6699%€+01 ?.1916E+02 81 79 178 @ 67376401 9.191 7E+02 81 720
179 9 .677SE+01 Q. 1918E %2 81 79 180 9.6813€+01 0. 1R1E2 81 79
5 181 9.6851E+01 9. 19.30€ +02 81 .79 182 9. 6BYYE +01 @ 19426 +02 81.70
183 9.6927E +01 0. 1929E +02 81.70 184 Q. 6965E+21 0. 1929E +02 81 @
-, 188 0. 7003E+01 0. 1939E +2 81 79 ) @ P04iE+Q1 9. 1927E+02 81 70
- 187 9. 7080€ +21 9. 1930 +02 81 70 188 9 21186+21 0 194X +02 81 0
.1 1 0.71S6E +01 Q. 1948E 02 81 7 190 0.7194E+01 9. 1955¢-a2 81 70
: 191 0.7236+01 0. 1954E+42 81.79 192 Q. 72706 +21 9 1958E 02 81.70 !
- 1R 0 7306E +01 0. 1968 +02 8.7 194 Q. 7346E+01 9 1963€+02 81.70
- 196 @ 73R4E 01 0. 1953E 02 1.» 196 0. 74226 +91 9 19626 +02 81.79
- 197 0. 2460E +01 ¢. 1978E 62 8.2 198 @ 2496E +21 9. 1980€ +a2 81 7
190 0. 7536E 01 0. 19675 +02 n.»n 9. 7574493 @. 1980€ +32 81.7%@
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Table D-4. Cross Spectral Analysis of Pr Yaw Probe and Reference
Strain Gage for Phasing.

AVERAGE SPEED = 11680 MACH NUMBER = 0.500
CIRCUMFERENTIAL LOCATION = Q. 1S22SE+00 RADIAL POSITION = 9.968
CHANEL A » SG 3 829 CHANNEL. B = XprvC
INDEX FREQUENCY CROSS-SPE ANGLE AUTO-CH A AUTOCH B COHERENCE
2 MAGNI TUDE DEGREES
1 Q.2 Q. 4154E+00 -189.20 9. 18S6E+20 9.2074E+01 1.0
2 1.5 ©.2322¢ ~8.44 9. 33eRE. Q. 7425E+00 ©.886
3 3.04 9. 2199€+00 98.44 9.8109€+20 0.2833€+20 9.9186
4 4.55 @.9775E 91.41 9. 6937E+20 0.1571E+01 ©.805S
S 6.08 @ . 2B10E+00 -172.97 Q. 7935E+00 Q. 4079E +30 0.959
[ ?2.60 Q. 4277E+00 ~61.87 Q. 4201 E+20 0.1@31E+01 0.975
? 9.12 ©. 6965E+00 12.66 9.6351E+20 Q.1172€+01 9.875
8 1@.65 0.5010€+00 ~59.06 [} +0 9.1346E+01 9.863
9 12.17 Q. 3C43E 00 .81 9.57265E +on Q.6351E+20 9.937
10 13.69 9 . SBESE+00 =154 .69 Q. BIS9E +0 Q. 6828€ @.897
11 i1s.21 9. 1833E+00 9.00 0. 1524 +91 Q. 1368E+a0 0.773
12 16.73 ©.?7331€~01 -123.75 Q.2345E +00 ©.2394E+00 1 20
13 18.28 9. 9653E+20 ~75.94 Q.9477E+00 9.1060E+01 Q9.923
14 19.7? 0.2199€+00 8.44 Q. 1036E+01 ©.2198E+0Q @.933
1§ 21.29 9. 2239 +09 106.87 9.5178E+00 0.6424E+00 0.924
16 22.81 ©.4888E~01 5.3 9.9770€-01 Q. S496E +00 2.829
1?7 24.33 Q.9775E-01 ~157 .50 9. 1075E 400 9 .80126+20 1.000
18 25.85 Q. 7087E+00 -B.44 Q. 8305C +00 ©.B622E+00 9.980
19 7.7 Q. 1466E+00 -38.3 Q. 2638E +0Q 0 .5569€+00 3.996
20 cB.90 Q. 1955E+00 ~165.94 Q. 33226 +00 0 .5447E+20 1.000
[3 30.42 9. 6232E +20 -56.85 2.7914E£+00 0.8183€+20 Q.96
&2 31.94 Q.5376E+00 -18.69 Q. 6546E 100 © . BSI8E +00 %.91c
23 33.46 Q. 7209E+00 18.28 Q. S374E +00 ©0.1448E+01 ©.858
24 34.98 9. 3666E-01 -112.50 0.2247E+00 9. 1295E+00 1.000
25 36.50 9. 35436 +00 d.41 0. 4385E +00 ©.7987E+00 0.825
26 38.ee Q. 1955E+00 160. 31 ©.3127E+00 9.6302E ©.985
a7 39.54 Q. 7331E-01 ~168. 75 Q. 3906E +0 2. 1734E+00 1.000
28 41.96 Q. 4888E-01 -45. 09 0. SS6%E +00 Q.9770€-01 9.807
=] 42.58 0. 1466E+00 ~101.25 @, 3224E+00 9.3957¢ 1.000
39 44.10 Q. 4643€+0Q .28 0. 4104E +00 0. 1155e+01 9.959
31 45 .62 9. 3421E+00Q S2.0e3 0. 2833E +00 9.1336E+01 ©.817
k=4 4?15 Q. 2810€+00 ~54.84 Q. 4906E +00 Q. 7450£+00 0.887
3 48.67 0. 1100€+00 ~-168.75 Q.674X +00 9.16126+00 1.000
34 S0.19 Q. 1955E +00 -112.50 Q. 3615E+00 9.5081E+00 1.0
35 5§1.71 Q. 867SE+00 183.28 Q. 4005E+00 Q.2247E+01 ©.929
36 $3.23 Q. 7200 +00 =94 .22 0.9770C+00 Q. 7767E+00 Q.92
? £4.75 0. 4888E~01 11.25 0. 6839 -01 Q.6815E+00 1.000
. 33 S6.2?7 0. 7087E+0Q 19.68 0. 791 4E+00 0. 9697E+00 @.853
39 52.78 0.1466E+00 ~112.5¢ Q. 488SE+00 9. 2907E+00 1.200
40 $9.31 @.9531E+00 ?1.72 9. 6OS8E+00 ?.1683E+01 Q.869
41 60.83 0.3421E+00 5.63 2.9 0. 41526+00 0.772
42 62.35 Q. 5499€ +00 ~99.20 9.6155E+00 Q. 1026E+01 0.758
43 63.87 0. 67Q0€ +00 -181.28 0. 7621E+00 Q. 979SE+90 2.811
44 65, 4@ 9. 1234€+01 -43.59 9.1378E+01 2. S209E +00 0.946
45 66.92 0.1711E+0Q -19.69 0. 4201E+00 Q. 4250€ 9.918
46 68 .44 ©0.3531F+31 -21.09 9.1309+01 Q. 2951E+Q1 ©.836
47 69.96 0. 2444E+20 5@ 9. 4787£+00 Q. ©.855
48 71 .48 93.3751E+01 -5.63 0.2247E+01 0. 17426401 2.919
49 73.0 0.2468E+01 -122.34 Q. +Q1 0.1011E+01 Q.768
50 74.52 Q. 1603E +02 -49.22 9. 4231E+01 ©.4314E421 Q.772
A £39 76 .04 2.1136E+01 -19.69 9.2198E+Q1 0. S52e€. @.877
2 .58 a +0° -~ ™ Q. 96A3F +t Q@ _A77RE+01 Q.92
S3 79.08 9.3715e+01 11.28 0. 2687E+Q1 9. 15496401 @.79?
S4 80.60 0.S951E+01 -43.59 0. 1944£+01 0.3173€+01 9.93¢
] 82.12 Q. 73.12 0.5€67¢ 9.6961E+00 9.863
=3 83.65 @.1051£+01 -8.44 9. 1827€+Q1 0.6424E+00 Q.802
s? 85.1? 0.3421E+00 -39.37 0. 6546E+Q0 Q. 9.972
S8 86.69 Q. 7820€ +00 -5.63 0. 2132£+20 9. 118e€E+01 0.864
59 83% 9. 977SE+00 -19.69 9. 8012E+20 0. 1365E+01 0.738
. 54 89. 9.3421E +0@ 123.7S Q. 742SE+9 0.5129€+00 9.807
> 61 91.25 9. 1039€+01 8.13 3. 8403E+29 0. 1426E+01 2.751
. 62 82,77 Q.1197€+01 -25.31 Q. 6448E+00 0. 2040€+01 0.529
- 63 94.29 Q. 4888E +00 -29.53 0. 4383E+0 9.1019%+01 a.927
54 95.81 Q. 9164E+00 —42.78 Q. 6644E+00 Q.1432E+01 0.854

: 267

¥
-




268

OR.Ghes
IF POCR it

Table D-5, X-Array Probe Ensemble Average for 200 Points,

AVERAGE SPEED « 11680 "ACH NUMBER « 9. 300
NUMBER OF FRAMES IN THE AVERAGE « g4 RADIAL POSITION 10,168
NUMBER OF SAMPLE POINTS = zoo INLET
RATE - Z20000. 12 DENSITY = 9.07z400
LOCATION AXTAL AXIAL TANGENTIAL TANGENT TAL ABSOLUTE ABRSOLUTE FLOW
VELOCITY MASS VELOCITY MASS VELOCITY MASS BIRECTION
FLow FLOW FLOW (AXTAL-REF)
Q. OV00E +09 9.33726+93 @.2442E+2 9.5771E+02 9.4178E+01 ©.3421E+93 ©.2477E +02 ©.9711£+01
9.3886¢ -01 @.3370€+03 ©.2440€+02 9.5970c+02 9.4323€+¢1 8.34236+03 9.2478C+02 9. 1005E+@2
9.7773€-01 @.3343€+03 9.2420€+02 9.5716E+02 9.4138€+01 8.3391E+Q3 Q.2455E+02 9.3703€+01
9. 1166E+00 Q. 0.2376E+02 9.5218E+02 ?.3633€+01 9. 3320€+03 9.2404E+02 9.3652£+01
©. 1555 +oQ 9.323PE+83 ©.2340€ +02 9.4224E 402 9. J0S8E+01 Q. 3260€+03 Q.2360€ +02 0.7444E+9)
0. 1943€ 400 0.3204E403 Q. +a2 9.3652E+02 0. 2644E+01 Q.3225E+03 0.233CE+02 9. 6502E+9
2.2332€ +00 9.3189€+03 2.2309E+02 9.3432E+02 0. 2485€+01 0.3207E+03 9Q.2322F. 9.6144€+91
0.2721E+00 9.3182€+03 ©.2304E+02 9. 3520 +02 9. 2549€+01 9.3201£+03 0.2318E+02 9.6313€+01
9. 3109E+00 9.3176€ 9. 2300 +02 9.3483€+02 9. 2S21E+01 9.3195E+03 0.2314€+02 9 6257 +01
Q. 3498E 400 0.3161E+03 9.2288€+02 9. 32406 +02 9. 2346€ 401 Q9 31776403 9.2300€+02 9.5853€401
9. 3BBEE +30 931476403 9.2279€+02 0.2980€ +32 9. 2158E+01 9.3162€+03 9.22R9%E +02 9.5409€+01
0. 4275E 199 @.31436403 9.2275E+a2 9.2743k +02 @. 1986F +@1 0.31556403 0.2284E+02 9. 4988E+01
0. 4664E+99 9.3148€+03 9.2279¢c+02 9.2770€+02 @ 2006E+91 9. 3160€+03 0.2288E+02 0.5a7E+01
Q. 9.3159€+03 Q. a2 Q.2923 +a2 9. 2116E+01 9.3172E+03 9.2297E. 9.5287E+01
9.5441E+0Q 9. 83E+3 2.2304E+02 9.28S5E +02 9. 2067 +01 0.3195€ 403 9.2313¥+a2 9.5126E+01
9 .58 %€ +00 9.3197c+03 9.2315¢ 402 2.2628E+02 9. 199 +01 9. 3208E+03 9.2323€ +a2 0. 4695 +01
9.6218E+00 9.3193€+03 9.2312€ +02 9. 2295E +02 9. 1662£ +01 9.3201E+03 9.2318E+02 9.4112€+01
9. 6607E +00 9.3184E+03 Q. 9. 1938E +02 Q. 1403k +01 9.3190E+03 8.230% «22 9.3484E+01
9. + Q. 3190€ +03 9.2310€+02 9. 172sE+e2 9.1249 +01 9.31956+93 9.2313€+02 9. 3095€+01
9. 7384E +00 Q. 3168E+03 9.2293€ +02 9.1537E+02 9.1113x +04 9.2171E+03 0. 2296E +02 9Q.2778E+0
Q. ?.3147€+03 9.2278E +02 9.1275E+02 Q. +00 9.3150€E+03 9.2280¢ +02 9.2319€+91
9. 8162E +00 2. J6GBE +03 9.2221E+02 9. 7908E+04 9.5726E 400 ©. 3069403 9. 22228 9.1477E+01
9. 8550€ 400 9. 2982E +03 9.215% +02 9.3414€+01 9.2472E +00 9.2983€+03 Q.2159e +a2 ©.6559€ +00
9. 8939 +00 ©. 2933 403 9.2123 +a2 9.2044E+01 9. 143¢E 400 9.2933€+03 9.21235+a2 9. 3993€ 409
9. 9328E +00 9. 29S6E+93 Q. 2140€ <.30S1E+01 9. 229K + 9.2956£+93 9. 21406 +02 9.5913€ +09
Q. 9716€ +00 9. 2948E+93 9.2134E+02 9.298%€ +0 0.2164E+00 0.2948£+03 9.2134€+02 @.5810€+00
9. 1010E+01 9. 2927E+93 Q.211% +02 Q.1178E+01 Q. 9.29%27E+03 0.21196+02 Q.c
9. 1049€ +91 9. 231 8E+93 9.2113E+02 -9.1S87E+Q1 ~9.114964+00 8.2918E+03 0.2113+2 ¢ 31 16E+00
Q. 108BE +91 ©.2936E+93 9.2:26F —0.468% +9 -9.3 0. 2936E+03 9.2126E+a2 =9 .9151E+00
Q.1127E+01 9. 29506493 0.2136E+02 -9 6521E+01 ~0.4721E+00 0.2951£+493 0.21366402 -9 12668 +01
9. 1166€+01 9.2946E 403 90.213%+02 -9 4961€+01 -9 35925+ 00 ©.2947E+03 0.21345+02 ~0.9646E+00
9. 1205E+91 9.2927E+93 9.2119%€+02 - 2042€+01 ~0.1478E4+09 9. 2927E +9; 2.21196+02 0. 399BE+00
9.1244E+9) 9.2917E+@3 0.211X+02 -9 3969 -9.2873¢-91 0.2917E+03 Q.2112¢€+02 0. 7796E-Q1
Q2 1283€+01 9.29136+03 9.210%€+02 —0.3294E +00 -0 .2385E-01 2.2913E+03 ©.2109€ +02 —2.647BE-01
9.1321E+01 @.2BI1E+03 0.2093¢+@2 —9.2257E+01 ~0.1634€+09 9. 289143 0.2093+02 -9 4474£400
9. 1360€ +01 @ 2893 +93 9. 2095 + 9. ~9. I6SE + 00 ©.2893€+03 0. 2095E+02 —0.8376E+09
2. 1399 +01 0. 2900€ +93 Q.2100€+02 =0.3847E+01 ~9.2785E+00 0. 2900403 2.2100€+02  -0. 7600
. 1438 40| 9.2998E +03 9.2106E+02 -9.23166+01 -0, 1677E+00 9.2908E+03 0.2106E+02 -9, 4563E+00
9 1477640 9.2998¢ +03 9. 2126E+02 -9.2283E+01 8. 16536409 9. 2908E+93 ©.2106E+@2 0. 4497E+00
9 1516E+01 9.292%+03 9.2116E+02 —0.2635E401 -9.1908E +09 Q. 2923 +e3 0.2116E+32 -9.5166E +00
QA 15556401 0 29296403 9.2120€+@2 —9.242SE +01 0. 17S6E+09 9.2929€ +03 0.2120E+02 -9 47445400
A 1593401 0 29506403 2.2136E+02 9.3373%+00 0 .2442€ -0 _ 9.2950€+93 9.2136E+2  -0.6551E-01
921632401 9.391SE+03 9.2183€+02 9. 4557F 9. 3300€ +OQ 9. 30156403 0.2183€+02 Q.
9. 1671E+91 @.3091E+93 9.2238E +02 9.1034€+02 9. 7486E 409 0.3093¢+03 0. 2239 +a2 9. 191