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SUMMARY

This report presents the results of experimental tests performed by Pratt & Whitney Aircraft

in compliance with NASA Contract NAS3-18523. The purpose of the tests was to obtain ex-
perimental data on the transient behavior of a flexible rotor operated under conditions simu-
lating those which might occur in a jet aircraft engine. The data will form the basis for correla-
tion with theoretical results, and aid in the future development of aircraft rotors which are
designed to operate above the first bending critical speed.

The program was conducted on a test rig with a single flexible rotor consisting of a 12.7 mm
(.5 in) diameter shaft mounted on ball bearings 660 mm (26.0 in) apart. The shaft had five
disks symmetrically placed with respect to the center of the bearing span. The shaft was driven
by a variable speed hydraulic motor through a bellows coupling.

The contractual program included a series of experimental tests during which the response of
the rotor was measured at or near each of the five disks.

The test program is summarized as follows:
STEADY STATE TEST

The steady-state response of the rotor system with .72 gm cm (.01 oz in) imbalance at the
center disk was recorded at several speeds, both below and above the first bending critical
speed of the system.

BLADE LOSS TEST

A 3.96 gm cm (.055 oz in) imbalance was suddenly applied to the center disk as the rotor was
operated above its first bending critical speed. This simulated the loss of a blade from an
engine rotor. The transient response of the rotor was recorded from approximately .18 sec-
onds before blade loss to 1.87 seconds after.

ACCELERATION TEST

The rotor was accelerated at a known rate through the first bending critical speed and the
transient response of the system was recorded. The test was repeated with the rig first in a
balanced condition, and then with a .72 gm cm (.01 oz in) imbalance applied to the center
disk.

DECELERATION TEST

The shaft was decelerated through the first bending critical speed at such a rate as to produce
a measurable torsional windup of the shaft between the end disks, and the transient response
of the system was measured. The test was repeated with the rig first in a balanced condition

and then with 1.88 gm cm (.0261 oz in) imbalance applied to the center disk.



INTRODUCTION

This report presents the results of an experimental program to investigate the transient re-
sponse of a flexible rotor. The work was conducted by Pratt & Whitney Aircraft under
NASA Contract NAS3-18523. The program had two purposes. These are:

(1) To study experimentally the transient dynamics of a flexible rotor rig designed
to simulate possible operating conditions of an aircraft engine, and

(2) To obtain experimental data on a flekible rotor for future comparison with theo-
retical prediction methods.

A flexible rotor, by definition, is one which operates above its first flexural natural frequency.
Flexible rotors are of considerable interest in modern high speed gas turbine engine design,
since they can contribute to reduced engine weight, improved aerodynamic performance, and
lower overall engine cost. These benefits are a result of a simpler rotor and support structure
design. Such a rotor mounted on only two bearings, instead of three or more, will produce
considerable savings in weight and cost, and will improve performance because there will be
fewer obstructions in the gaspath. In additon, reducing the number of bearings and bearing
supports in a gas turbine engine increases dependability and ease of maintenance.

Flexible rotors, however, will have some inherent disadvantages. They will have more bend-
ing strain energy near the natural frequency (critical speed) than will a “stiff”’ rotor. Asa
result, such rotors will be more susceptible to high lateral and torsional deflection, clearance
problems, and dynamic instability. They will also cause increased bearing loads; and, blade
loss will be more critical. Sophisticated balancing techniques and means of providing damp-
ing on the bearing support structure will probably be needed to keep rotor amplitude to a
minimum. However, since a flexible rotor offers many benefits in an engine, it is worthwhile
to establish its limitations by rigorous experimental effort and associated development of
analytical techniques.

The following text describes the behavior of a simply supported, two-bearing rotor. The test-
ing conducted on this rotor system represents a basic step in building the required transient
response technology because it provides experimental results for simply supported flexible
rotors. Testing on this simple rotor affords an understanding of rotor dynamic transients
which can be applied to more complex systems.



TECHNICAL PROGRAM
TEST SYSTEM

The test rig used in the program is shown in Figure 1. The rig has a single rotor with a 12.70
mm (.500 in) diameter solid steel shaft mounted on self-aligning ball bearings 660 mm

(26.0 in) apart. A sketch of the system is shown in Figure 2. This shows the five disks which
are symmetrically placed with respect to the center of the bearing span. Each of the center and
end disks have 36 balance holes and the center disk is designed to release a balance weight to
simulate blade loss. The end disks have high polar inertia in order to produce a gyroscopic
stiffening effect. The high polar inertia also causes angular twist of the shaft when the shaft
is subjected to rapid acceleration or deceleration torques. Each bearing is mounted in a sleeve
which is fitted with a set of rubber “O” rings and supported by a rigid steel support pedestal.
The “O rings are used to provide support flexibility as well as damping for the otherwise
lightly damped system. The shaft is driven by a variable speed hydraulic motor through a
bellows coupling. The bellows coupling provides constant velocity and offers minimal shear
and moment restraint to the shaft.

Non-contacting proximity probes were used to measure vertical and horizontal shaft dis-
placements at five locations along the shaft. The axial position of these probes is listed in
Table I and shown schematically on Figure 2. For the steady state testing the displacement
signals and a once-per-rev keyphasor signal were processed by a trim balance analyzer. This
provides the running speed, the component of displacement synchronous with running speed,
and the phase of the synchronous component. The information was displayed in digital form
and was also available as a D.C. proportional voltage for plotting. All of the displacement
signals for the transient testing were recorded by a high speed Data Memory System. Once
stored in the memory system, the data was played back at a slower rate in analog form for
plotting time traces and orbits.

The memory system consisted of a memory control module and thirteen memory modules.
The system would process up to thirteen analog signals which were simultaneously sampled
and converted to digital format over a preselected time interval. The signals were then stored
as digital data over the duration of the time interval. Each analog signal was sampled and
converted to digital data at a rate of 2000 samples per second. The individual memory mod-
ules (one per analog data channel) had a capacity of 4096 digital words which allowed a
maximum sampling time interval of 2.048 seconds. Once the data was stored in the memory
system it was output in analog form at a slower rate to facilitate plotting. A useful advantage
of this system was that it allowed the data playback rate to be slowed down to 1/200 of the
input rate without amplitude or time distortion.

The instantaneous velocity for the acceleration and deceleration tests was obtained by mea-
suring the frequency of pulses created by proximity probes at the rims of the disks having

36 equally spaced balance holes. The angular twist of the rotor shaft during the rapid decel-
eration test was also obtained by recording the pulses generated by the equally spaced balance
holes on the disks at the ends of the shaft. Proximity probes were located at each of the end
disks and positioned such that the pulses created by each disk were in phase when the shaft
was running at a constant speed. The angular twist was then obtained by measuring the rela-
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tive shift between the pulse signals when the deceleration torque was applied. Since the ac-
celeration and deceleration tests were of short duration, the high speed data memory system
was also used to record the velocity and angular twist for these tests.

STEADY STATE ANALYSIS AND DYNAMIC MODEL

The test rig was modeled and analyzed on critical speed and forced response analysis programs.
The initial design geometries and material properties were used to establish the first dynamic
model from which the predicted system response was obtained. During fabrication and
assembly of the test rig, static tests were conducted to establish the bearing support assembly
stiffness. Upon completion of assembly, the system was balanced and run through its oper-
ating speed range with known imbalances applied at the center disk to establish the critical
speeds and imbalance sensitivities. The analytical and experimental results thus obtained,
together with analytical parametric studies conducted to establish the effect of variations of
bearing support stiffness, shaft stiffness and support damping, were used to define the dynamic

model of the system.

Figure 2 shows a schematic of the dynamic model. The lettered stations designate positions
on the rotor shaft where external masses and inertias (disks, bearings and coupling) are at-
tached. The sections between these stations were modeled as uniformly distributed masses
and springs to simulate the uniform shaft between major masses. The bellows coupling was
modeled by an equivalent spring mass system. The coupling mass is represented by the ex-
ternal mass at station “b”’. The coupling stiffness is represented by a rigid shaft section be-
tween stations ‘““a” and ““b” plus the equivalent springs K, (radial) and T3 (torsional) at
station ‘““a”. Table II lists the geometry and physical properties of the rig model.

Using this model, the first two forward and backward modes were predicted as a function of
shaft speed. This is shown in Figure 3. The first forward synchronous mode is predicted at
2335 rpm and is a first bending mode as shown in Figure 4. The same system was analyzed
by the linear forced response program. The synchronous response of the system to a .72 gm
cm (.01 oz/in) imbalance at the center disk for speeds of 80, 95, 100 and 120 percent of the
first forward critical is shown in Table III. The responses listed in this table are for shaft lo-
cations which are the same as those on the rig at which the vibration amplitudes were mea-
sured during testing.

BALANCING AND STEADY STATE TESTING

Preliminary analysis and testing showed the rig to be very sensitive to imbalance. Initial bal-
ancing was accomplished by using a two plane balancing procedure on the large end disks.
Then, to achieve a better balanced condition, a single plane balance procedure was applied
to the blade loss disk at the center of the shaft. The resulting balanced responses of the sys-
tem for shaft speeds of 80, 95, 100 and 120 percent of the first critical are given in Table III.
The state of balance was checked before each task in the program and fine adjustments were
made.

After balancing, a .72 gm cm (.01 oz in) imbalance was added at the center disk mass and
the rig was run at speeds of 80, 95, and 120 percent of the first critical speed. Vibration
amplitudes were recorded at each of the proximity probe stations. For ease of comparison
to the steady state analytical data and to account for residual imbalance and run-out, the
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amplitude readings for the balanced tests were subtracted from the data for the unbalanced
test. The resulting vibration amplitudes are given in Table III. A response plot was made of
center disk synchronous vertical amplitude to document the peak response speed for the first
critical during a slow acceleration of the shaft from 400 rpm to 2850 rpm. The response plot
is shown in Figure 5. Two peak responses are shown on this figure. The first is the backward
synchronous critical predicted at 1100 rpm which actually occurs at about 1080 rpm. The
second is the first forward critical which occurs at approximately 2335 rpm as predicted.

BLADE LOSS TEST

The blade loss transient response test was run at 120 percent of the first bending critical
speed. Two 3.26 gm cm (.055 oz in ) balance weights were attached diametrically oppo-
site each other on the rim of the center disk and the balanced response of the system was
checked. The balanced system was then run to 2802 rpm and one of the rim balance
weights was released to initiate the transient response simulating blade loss. The resulting
transient response measured by all displacement probes was recorded by the high speed

data memory system. The time duration of the measured response extended from approxi-
mately .18 seconds before blade loss to 1.87 seconds after blade loss. The second rim weight
was then released to rebalance the system so that it could be safely decelerated.

The time traces of the displacement signals for each of the displacement probes are shown on
Figures 6, 7, 8, 9 and 10. Figure 11 shows orbit traces of the center disk for the steady state
before blade loss as well as sixteen cycles after blade loss. Both the time traces and orbit
traces indicate that the system response exhibits a beating phenomenon. This can be ex-
plained by the fact that the shaft is whirling simultaneously at both the turning frequency
and the first bending natural frequency several hundred rpm lower. The general expression
for the system response after blade loss can be written as

R = A Sin (wt + ¢) + Be™M Sin (w_t +¢,)

The first term is the steady state response of amplitude, A, and phase, ¢, due to the resulting
imbalance rotating at the turning frequency, w. The second term is the decaying transient
response of amplitude, Be” t, and phase, ¢ The frequency of the transient component is
the first bending natural frequency, we The response can be rewritten as

R =R Sin (wt + ¢ — 0),
where R=[A2+ BeM)2 + 2 ABe™M Cos (Awt + Ag)] %2, -
Aw=w- we s

A¢=¢'¢c ’
BeM Sin (A wt+ A ¢)
A+ Be™M Cos (A wt + A ¢)

o= Arc Tan [

This expression shows that the response is an amplitude modulated Sine function; and, the
beat phenomenon is due to the fact that the modulation function, R, is cyclic. R is not pre-
cisely periodic because of the exponential decay term, e'hf, which does not repeat with



time. When the decay rate is small, the amplitude modulation appears periodic and beating
is evident. By neglecting the effect of the decay term, the beat frequency is A w, which is
the difference between the turning frequency and the natural frequency. In addition, the
analytical expression for the system response shows that the phase angle, «, will vary with
time at the same frequency as Aw.

The time traces in Figure 8 show that the period of the amplitude modulation is approxi-
mately 0.23 seconds. This results in a beat frequency of 261 cycles/minute. The critical
speed map in Figure 3 indicates that at the blade loss test speed of 2802 rpm, the first bend-
ing natural frequency is 2525 rpm. The difference frequency is, therefore, 277 cycles/minute
which agrees well with the observed beat frequency.

Figure 12 shows photos of the scope display of the time traces of all of the displacement
probe signals. These time traces have once-per-rev keyphasor marks on them which show
that the phase of the vibration does not remain constant, but rather varies in the time sim-
ilar to the decay envelope of the amplitude signal.

ACCELERATION TEST

The acceleration test was run with the system in both balanced and unbalanced conditions.
During the balancing procedure for this part of the program, it was observed that the peak
response speed of the system shifted approximately 1.3% from 2335 rpm to 2365 rpm. The
cause for this apparent change in critical speed is not specifically known. It is possibly caused
by minimal changes in the damping and stiffness characteristics of the rig.

In both the balanced and unbalanced tests, the shaft was accelerated from below 80% to
above 120% of the first bending critical to attain a constant acceleration between the limits
of 80% and 120% of the critical. The horizontal and vertical displacement signals at four of
the displacement probe stations and the angular velocity of the end disks were recorded by
the high speed data memory system. The displacement signals from displacement probes 1

and 2 were not recorded.

The time trace of the shaft angular velocity during the balanced accelerations test is shown
on Figure 13. The trace shows that the acceleration from 80% to 120% of the first critical
took approximately 1.1 seconds. It also shows by virtue of its linearity that the angular ac-
celeration was constant at 90 rad/sec? (859 rpm/sec). The angular acceleration of the shaft
was calculated from the velocity signals by differentiating the velocity curves with respect to
time. The velocity and acceleration measured at the two gyro disks and the blade loss disk
were identical to velocity data presented. The time traces of the displacements are shown
on Figure 14. These traces show a small response throughout the speed range. It should

be noted, however, that the maximum response over the speed range is slightly larger than
the steady state balanced response and generally occurs at a higher speed; i.e. the response
lags the speed. Figure 15 shows photos of the displacement time traces with keyphasor
marks superimposed. These traces show a phase shift as the amplitude goes beyond the peak
value and starts to decrease. The phase traces also show that the phase shift is much more
pronounced for the horizontal than the vertical.



The unbalanced acceleration test was run with a .72 gm cm (.01 oz in) imbalance added to
the center disk. The time trace of the shaft angular velocity for this test shown on Figure

13 shows that the acceleration from 80% to 120% of the first bending critical took approxi-
mately 1.1 seconds. This velocity trace also shows constant angular acceleration of 90 rad/
sec? (859 rpm/sec). The velocity and acceleration measured at the two gyro disks and the
blade loss disk were identical to the velocity data presented. The time traces of the displace-
ment probe signals are shown in Figures 16 and 17. A comparison of the center disk displace-
ment time traces in Figure 16 to the shaft velocity time trace in Figure 13 shows that the
center disk amplitude peaks out at 2560 rpm (108% of the critical speed), thus the response
again lags the speed. The peak-to-peak amplitude of the center disk at this time is about
.305 mm (.012 in) which is less than half of the maximum steady state amplitude at the
critical speed (Figure 5 and Table III). Figure 18 shows photos of the displacement time
traces with keyphasor marks superimposed. Unlike those of the balanced acceleration test,
these phase traces indicate a phase shift occurring for both the horizontal and vertical dis-
placement signals.

The acceleration test was run a total of three times to check for repeatability. All tests
showed system response in excellent agreement with the reported data.

DECELERATION TEST

In the deceleration test portion of the program, the shaft was decelerated from 120% to 80%
of the first critical at such a rate as to produce a measurable torsional windup of the shaft
between the end disks. The test was run with the rig in both balanced and unbalanced con-

. ditions. The vertical and horizontal displacements were recorded at all displacement probe

locations. The velocity and acceleration were monitored at the two end disks and at the
center disk.

Obtaining a balanced state of the rig for the deceleration tests was more difficult than for
the other portions of the test program. This has been presumed due to an unwanted effect
of the drive coupling which produced large amplitudes during deceleration tests. An accept-
able level of balance was finally achieved in which the amplitude growth during deceleration
did not exceed 150% of the steady state response at 120% of the first critical. The unbal-
anced deceleration test was run with 1.88 gm cm (.0261 oz in) imbalance added to the cen-

ter disk. In this part of the program as in the acceleration test, the steady state peak response
speed was at 2365 rpm.

The time traces of the velocity during the balanced and unbalanced deceleration tests are
shown on Figures 19 and 20. The measured velocity did not vary over the length of the
shaft. Therefore, the velocity traces shown represent the velocity at all stations. The angu-
lar acceleration over the speed range was calculated by differentiating the velocity traces
with respect to time. The calculated acceleration for the balanced and unbalanced tests are
also shown on Figures 19 and 20.

The angular twist of the shaft during the rapid deceleration was obtained by measuring the
phase shift between the pulse signals generated by the proximity probes aimed at the bal-
ance holes in the end disks. Due to the high pulse frequency (1419 pulses per second at
2365 rpm) and the resulting high pulse density, it was not possible to obtain angular twist
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measurements continuously over the entire deceleration range. As a result, the twist mea-
surements were made by looking at pulses generated in .0205 second time intervals at five
different speeds in the deceleration speed range. The resulting calculated twist angles are
plotted on Figure 21. The twist angles were calculated for the balanced deceleration test.
A comparison of the velocity and acceleration traces in Figures 19 and 20 indicates that the
angular twist will be the same for the unbalanced as for the balanced test. Comparing the
angular twist to the angular acceleration rates for the two deceleration tests shows that the
maximum twist occurs at the same time as the maximum acceleration and, in general, the
twist is proportional to the acceleration rate.

The displacement time traces for the balanced and unbalanced deceleration tests are shown
in Figures 22, 23, 24, 25 and 26. Comparison of the center disk displacement trace for the
balanced deceleration test with its corresponding velocity trace shows that the maximum
center disk amplitude occurs at a speed of 2680 rpm (.6% above the critical speed). Making
the same type of comparison for the unbalanced deceleration test shows that the maximum
center disk amplitude occurs at a speed of 2250 rpm (4.9% below the critical speed). Fur-
ther comparison of the balanced and unbalanced acceleration rates and twist angles to the re-
spective maximum displacements shows that the maximum displacements occur significantly
later than the maximum shaft twist or angular acceleration.

The maximum center disk amplitude for the unbalanced test is about .63 mm (.025 in)
which is less than half of steady state peak response with the same amount of unbalance ap-
plied. The photos on Figures 27 and 28 show the center disk displacement traces for both
the balanced and unbalanced tests with once-per-revolution keyphasor marks superimposed.
These photos show cyclic phase shift throughout the deceleration. The deceleration test
was run three times to check system repeatability; and, as in the case of the acceleration
test, all tests were in excellent agreement with the reported data.

CONCLUDING REMARKS

Before a viable flexible rotor can be designed into an engine, a complete definition of the
rotor’s behavior under both normal and abnormal engine -operating conditions is required.
This definition is fundamental to the development and advancement of flexible rotor tech-
nology. An understanding of flexible rotor behavior, and the ability to predict that behavior
under any loading condition, will permit design modifications to reduce rotor amplitude and
decrease the dynamic loading on the support structures, thereby increasing its fatigue life.
The loading conditions which are of most importance to nearly all rotor systems include sud-
denly applied imbalance, suddenly applied torques, loads imposed by maneuvers, internally
generated loads such as compressor surge and, of course, normal rotor imbalance. The effects
of non-linear bearing and damping devices must be included in the prediction system since
these items are common and necessary. With the development of critical speed analyses,
steady state and transient response analyses, and rotor/bearing stability analyses, the flexible
rotor behavior can be defined. The experimental results and information presented in this
report will assist significantly in understanding the dynamics of flexible rotors.
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DATA STATION

PROBE NUMBER 1 2 3 4 5 6 7 8 9 10

DIRECTION VERT HORIZ VERT HORI1Z VERT HORIZ VERT HORIZ VERT HORIZ
AXIAL IN. 23.364 23.364 20.264 20.264 14.200 11.900 6.136 6.136 2.636 2,636
LOCATION CM. 59.345 59.345 51.471 51.471 36.068 28.194 15.858 15.858 6.695 6.695

TABLE |

DISPLACEMENT PROXIMITY PROBE LOCATION AND ORIENTATION
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POLAR MASS MOMENT | TRANSVERSE MASS
ROTOR | AXIAL LOCATION | EXTERNAL WEIGHT [OF INERTIA 1, MOMENT QOF INERTIA I
STATIONI™N cM LB Kg LBIN2 | Kg-cm? LB-iN% | Kg-cM2
a -5.110 12979 | 0.0 0.0 0.0 0.0 0.0 0.0
COUPLING b -1.500 3810 .12 0544 020 0585 010 0293
NO. 1 BEARING c 0.0 0.0 27 1229 .1094 3201 0547 .1601
GYRO DISK d 2.136 5425 | 11.440 | 5.1891 122.80 359.36 63.198 | 184.94
MINI DISK e 6.160 15.646 | 4984 | 2261 2174 6362 1321 3866
BLADE LOSS DISK f 13.000 33.020 [ 4636 | .2103 3257 9531 4280 1.2525
MINI DISK 9 20.140 51.156 | 4984 | 2261 2174 6362 1321 .3866
GYRO DISK h 23.864 60.615 | 11.440 | 5.1891 122.80 359.36 63.198 | 184.94
NO. 2 BEARING i 26.000 66.740 | .271 1129 1094 3201 0547 .1601
SHAFT END j 27 500 69.850 | 0.0 0.0 0.0 0.0 0.0 0.0

SHAFT CHARACTERISTICS

DIA = 12.70 MM {.500 IN) DENSITY = 7.83 X 102 KG/cM3 (.283 LB/IND)
MODULUS = 19.65 X 108 N/cM? (285 X 10° LB/IND)

SUPPORT CHARACTERISTICS

N-SEC LB-SEC
K,=25796 N/CM (14730 LB/IN) Cp =140 —— (80 — —)
|
K, = 28003N/CM (15990 LB/IN) c, =140 VSEC (g LBSEC,
cMm IN
Ky = 30.6 N/CM (17.5 LB/IN)

T,=898 N-CM/RAD { 7.95 LB-IN/RAD)

TABLE Il TEST RIG PHYSICAL PROPERTIES FOR ANALYTICAL
MODEL SHOWN IN FIG. 2




CRITICAL SPEED (Ngg) — RPM X 10°3

orW &
WODEZS S
')_ND o Z
/
\e@
A%
@o
&
&
0%
8
O wy,
Ry
A\
W&
o>
2f— - O™
ov
Ast v
/
L} . 1ST MODE
BACKWARD WHIRy
] | ] |
1 2 3 4

SHAFT SPEED (N) - RPM X 103
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AMPLITUDE ~ NORMALIZED

1.0

. DRIVE END
——

O NORMALIZED HORIZONTAL TEST
DATA AT 2218 RPM

| | I | | L | | | ! 1 | [
/ 0 2 4 6 8 10 12 14 16 18 20 2 24 26\ 28
L AXIAL POSITION ~INCHES
1 | | 1 ] 1 L d ] \ 1 1 1 } ] |
0 §0 100 150 200 250 300 350 400 450 500 550 600 650 700
AXIAL POSITION ~ MM
FIG.4 PREDICTED FIRST BENDING MODE SHAPE



DATA STATION 1 2 3 4 5
PROBE NUMBER 1 2 3 4 5 6 ? 8 9 10
DIRECTION VERT | HORIZ | VERT | HORIZ [ VERT | HORIZ VERT | HORIZ VERT | HORIZ
| W inx103 | 84 65 40 A0 65 51 66 A3 37 23
EXPERIMENTAL | P {——— ———{—
2 . . | k 74
BALANCED LP:B;; 1021213 | 165 102 | 102 |165 | 130 165 | 1.09 24
Al
RESPONSE | Piahees | 222 | 115 73 6 13 327 318 231 303 133
&1 mxi103 | 39 37 74 97 1.24 1.1 78 85 36 41
EXPERIMENTAL | P |7, . . I
AT 2 | 4 1.8 2.46 3.15 2.82 1.98 2.16 91 1.04
IMBALANCED '-P':‘A”';: 107 | 99 94 8
1868 RPM DionEES | 84 a51 94 7 93 0 20 357 91 359
Al wx103| 330 | 390 730 | 730 | 1110 | 1110 785 | 755 308 | .03
PREDICTED b -
2 . . 82 | 28 . 1. 77 77
(8N | IMBALANCED :ﬁg;-;::o 99 99 18 | 185 | 28 2 192 92
L | Dihees | 88 358 88 358 89 359 88 358 88 358
A nx103 ] 91 76 67 98 58 62 a7 28 34 28
EXPERIMENTAL | ¥ ——
BALANCED LJ,;;ZEX- 102 | 2.31 1.93 170 | 249 | 147 | 157 1.19 71 86 71
RESPONSE R SEs | 204 103 12 28 62 5 306 193 283 165
al jnx103] 168 | 19 338 | 343 | 521 | 533 348 | 381 179 | 1388
EXPERIMENTAL | M~ -
AT 2
IMBALANCED | L | MM X 10 429 | a8s 859 | 8.7 13.23 | 1354 884 | os8 455 | 478
2218 APM o | Peowees | 102 | o 103 10 99 9 101 9 99 1
Al mnx103] 1040 ] 1940 3530 | 3530 | 5320 | 5.320 3670 | 3670 1509 | 1509
(95 N | PREDICTED P lmmx102] 293 | 293 897 | 897 | 1351 | 1351 932 | 932 383 | 383
IMBALANCED | L L°HC A B
PHasE o |79 349 79 349 80 350 79 349 79 349
A 3
INX103 | 114 | 93 50 81 19 49 93 81 63 7
EXPERIMENTAL | M R : -
RESPONSE | BALANCED |L {Mmx 102 | 2.80 | 2.36 1.27 1 2.06 .48 1.24 2.36 2.06 1.60 1.80
PHASE . ) s
AT s | 2 12 161 |89 | 226 o8 279 163 267 159
Al mx103| 9430 | 9430 17.025| 17.026 | 25.480| 25.490 17.700| 17.700 7.360 | 7.360
PREDI
2511'*“5 R;’M lMBALiTNE:ED L |mmx 102 | 2395 | 2395 4324 | 4324 | 6472 | 6474 44.96 | 4496 1869 | 18.69
| CR DeomEes | 9 279 9 279 | 10 280 9 279 8 278
H1 mx03 [ 708 68 66 98 1.04 78 1.19 1.11 70 78
EXPERIMENTAL | ¥ S - : : .
BALANGED L[MMx102( 180 | 173 168 | 249 | 264 | 198 302 | 282 178 | 198
PHASE T
RESPONSE beomees | 206 | 97 | 80 |3 |15 | 282 315 222 300 203
Al INx103]| .73 76 144 | 152 | 203 | 200 141 150 70 79
EXPERIMENTAL | M |- = - =
AT IMBALANCED | o |MMx102]| 185 | 193 366 | 386 | 516 | 5.08 358 | as 178 | 2.01
PHASE ~ ~ - ’ .
2802 RPM | Deahees | 25 178 | 280 | 171 | 289 170 261 169 259 173
Al nx103] 720 | 720 1250 | 1.250 | 1.820 | 1.820 1306 | 1305 571 571
(12Ngg) | PREDICTED P mMmx102] 183 | 183 318 | 318 | as2 | 46
CR’ | IMBALANCED LPH";Z‘EX 1% 1 - g 18 | 462 | 462 331 | 331 145 | 145
| FHAsE ¢ | 778 186 276 186 277 187 276 186 275 185

*ALL AMPLITUDES ARE PEAK TO PEAK

(EXPERIMENTAL IMBALANCE RESPONSE IS CHANGE IN RESPONSE DUE TO 0.72 g. cm. IMBALANCE AT CENTER DISK)

TABLE Ill  TEST RIG STEADY STATE AMPLITUDES — ANALYTICALLY PREDICTED
AND EXPERIMENTALLY OBSERVED
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VERTICAL STEADY STATE RESPONSE AT DATA STATION 3

.72 gm cm (.01 oz in) IMBALANCE APPLIED ON BLADE LOSS DISK
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FIG. 27 DISPLACEMENT TIME TRACES WITH KEYPHASOR MARKS, DATA
STATIONS 1, 2, 3, 4, AND 5§ DURING BALANCED DECELERATION TEST
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FIG. 30 DISPLACEMENT TIME TRACES WITH KEYPHASOR MARKS, DATA
STATIONS 1, 2, 3, 4 AND 5 DURING UNBALANCED DECELERATION TEST
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