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FOREWORD

This report presents the work performed under NASA contract NAS3-18546 in the
period April, 1977 to April, 1978, with Mr. Robert E. Cunningham, NASA Lewis
Research Center as project manager. It is the fifth in a series of reports on
the development of procedures for calculating stiffness and damping properties
of elastomers in engineering applications. The program manager for MTI was
Dr. A.J. Smalley. Principal investigator for the performance limits portion
was Mr. M.S. Darlow. Principal investigator for the elastomer damper design
was Mr. J.A. Tecza.
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SECTION 1
SUMMARY

A program has been undertaken to determine the effects of strain on elastomer
damper performance and the implications of these effects in design, using
polybutadiene as a test material. A program has also been undertaken to de-
sign and test an elastomer damper for control of flexible rotor vibration.

Strain effects were investigated in three test specimens: A shear specimen, a
compression specimen, and a compression specimen with thermocouples embedded at
various locations in the elastomer buttons. Strain has been shown to reduce
stiffness by a factor of up to 3 over the range of strains tested, and to in-
crease loss coefficient by a factor of 2.5. It has been conclusively shown
that thermal effects are only a partial contributor to the effects of strain.

The problems of establishing a generalized deterministic predictive method
accounting for strain are identified. However, steps are outlined whereby the
influence of strain effects can be accounted for in design of systems in which
elastomers are employed to control vibrations. A thermo-viscoelastic predictive
method is shown to provide satisfactory, conservative, definitions of limiting
operational amplitudes to avoid excessive internal temperatures.

Two alternative dampers are designed for controlling vibration in a high-speed
(25,000 rpm) flexible rotor, one of Viton-70 and one of polybutadiene. Both
designs were built and tested. Response to synchronous (unbalance) excitation
at two bending criticals was measured and compared to predictions. System log
decrement was also measured in two ways and again was compared to prediction.
In all cases the elastomer was more effective than predicted in controlling
system vibrations and the measured value of system log decrement was higher
than predicted. The Viton-70 damper, which had a higher loss coefficient, was
in all cases more effective in controlling system vibrations, and had a higher
log decrement, than the polybutadiene damper.







SECTION II
INTRODUCTION

Damped bearing supports are seeing increasing application as a means of control-
ling rotationally excited vibrations in high-speed rotating machinery. Examples
can be found in aircraft gas turbines, high-performance compressors, and flexible
power transmission shafting. The damper most commonly used in these applications
is the squeeze film damper, often in parallel with some type of mechanical flexure.

Elastomer dampers are an attractive alternative to the squeeze film damper be-
cause of their simplicity, their inherent combination of stiffness and damping,
their compactness, and their lack of need for seals or oil supply. Because of
these advantages they are presently being considered for low cost, limited life,
engine applications and for helicopter transmission shafting.

Factors which have resisted the growth and application of elastomer dampers are
the limited availability of design-oriented data on their dynamic behavior, and
concern about the effects of environment including temperature, vibration ampli-
tude and the presence of oil or other fluids. For several years a program has
been pursued at MTI whose intent is to quantify dynamic performance of elastomer
dampers, to provide the capability to design for desired characteristics, to
evaluate the effects of environment, to demonstrate the effectiveness of elasto-
mers in vibration control for high-speed rotating machinery, and to evaluate any
problems which may be encountered in their application to rotating machinery vi-
bration control. References 2, 3, 4, and 5 document previous efforts under this
program.

Under this program a powerful test method for determining elastomer component
properties has been developed entitled "The Base Excitation Resonant Mass Method'.
This test method employs.a large electromagnetic shaker on which test specimens
are mounted. The test specimens comprise a one degree of freedom spring mass
damper system in which a variable mass is excited at or near the resonant fre-
quency of that mass mounted on an elastomeric spring. Transmissibility and

phase angle across the elastomer spring are measured and, in the region of res-
onance,; allow accurate determination of both stiffness and damping.

Under past test programs the effects of excitation frequency, specimen geometry,
environmental temperature, dynamic strain and material have been tested. Em-
pirical approaches to predicting component properties have evolved and their
effectiveness has been evaluated under both translatory and rotating excitation.

Clear evidence of the importance of dynamic strain has been obtained in past
tests. Further, it has been tentatively concluded, for elastomers in the rubbery
region, such as polybutadiene, that dynamic characteristics show a more consis-
tent dependence on strain than on frequency. Part of the work reported herein
is directed at a more intensive evaluation of the effects of strain on the dy-
namic characteristics of the elastomer polybutadiene, and of the implications of
these effects on design. 1Included in this evaluation are, firstly, an attempt
to delineate the contribution of self heating to changes in dynamic character-
istics under large strains; secondly, an evaluation of the extent of the strain
regime under which the dynamic characteristics can be considered strain inde-
pendent; and thirdly, a further evaluation of strain as an effective independent
variable for characterization of elastomer dampers.

-3-




To this end strain and temperature effects were investigated both under shear
and compression loading. Under compression loading, two specimens were tested:
one with thermocouples embedded only in the metal fixtures and the second with
additional thermocouples embedded at selected points in the elastomer elements
themselves. These two compression test specimens will be referred to as the
uninstrumented and the instrumented specimens, respectively. For both the un-
instrumented compression specimen and the shear specimen (also uninstrumented)
a full combination of three ambient temperatures, tenstrains and ten frequency
values were investigated. For the instrumented specimen, investigations were
limited to one ambient temperature. Stiffness, damping, and temperature
values were recorded at each test condition.

As will be shown, under all conditions strain has a strong influence and, for
the material tested, strain provides better unification of the data than fre-
quency. Comparisons were made between the measured data and the predictions
of a thermo-viscoelastic analysis. These comparisons made clear that effects
other than self heating have a significant influence on the variation of dy-
namic stiffness and damping with dynamic strain.

In parallel with these elastomer characterization tests, previously developed
technology was applied in the design and testing of an elastomer damper for
control of high-speed rotor vibrations. As opposed to a vibration absorber

or shock mount applications where an entire machine is elastomerically mounted,
in this application the elastomeric damper serves as a flexible damped pedestal
to each bearing. The elastomers are intimately connected with the dynamics of
the flexible rotor bearing system and heavily influence its dynamic behavior.

The rotor bearing system chosen for this application was a rotor designed to
simulate closely the dynamics of a power turbine and drive shaft of an ad-
vanced gas turbine engine (ref. 1). The rotor has two bending critical speeds
in its operating speed range. In its original configuration this rotor was
exceedingly difficult to balance. For this reason, and the fact that it
closely simulates one of the possible applications for elastomer dampers,

this rotor was considered a good critical test for the first application of
elastomeric bearing mounts under this program.

The program to design and test an elastomer damper had the following objectives:
e Redesign the test rotor support system to incorporate elastomeric
damped pedestals. '
® Design the elastomer supports themselves to effectively control
rotor response amplitude through the speed range.
e Measure the damping actually present in the rotor bearing system
by running the rig through two bending critical speeds.
o Perform the tests with two types of elastomers representing
materials with both high and low internal damping to cover the
reasonable extremes of elastomer capability.
The project was successful in meeting these objectives, clearly demonstrating
the effectiveness of elastomer mounts to control response to unbalance, and of
the technology to support design of elastomeric mounts for this purpose.

The following sections of this report describe in detail both the tests to
characterize further the effect of frequency, temperature, and strain (referred
to as performance limits), and the program to design and test an elastomer
damper for control of high-speed rotor vibration.
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SECTION I1T
TEST PROGRAM - ELASTOMER PERFORMANCE LIMITS

The investigation of effects of strain, ambient temperature, and frequency on
elastomer component properties was executed using the Base Excitation Resonant
Mass test method. This test method was developed under preceding phases of
the program and the details are provided in references 2, 3 and 4. For com-
prehensiveness, a brief description of the method will be provided here.

The Base Excitation Resonant Mass test method employs a large electromagnetic
shaker to apply base excitation to a one degree-of-freedom spring-mass-damper
system. The elastomer test elements form the spring and damper upon which a
rigid mass is supported whose magnitude can be varied over a wide range. The
response of the supported mass is a function of the input excitation and the
dynamic characteristic of the spring mass damper system. Accelerometers are
used to measure the shaker excitation and the response of the mass. A tracking
filter, phase meter, and digital voltmeter are employed to determine the ampli-
tude of the input excitation, the amplitude of the response component at the
same frequency as the input excitation, and the phase angle between input exci-
tation and response. Amplitude across the test specimen is a controlled,
independent, variable which is measured by a capacitance probe. '

A computerized data acquisition system acquires amplitude and phase informa-
tion for one input accelerometer and three output accelerometers mounted on
the resonant mass and from the capacitance displacement probe. In addition,
temperature values are acquired via a computer controlled scanner from as

many as twenty different thermocouples at various locations in the test speci-
ment. Data is acquired over a range of frequencies for which resonant or near
resonant behavior is observed. The criterion normally employed is that the
phase angle should lie between 15° and 165°. A wide range of test frequencies
is achieved by varying the supported mass and acquiring data satisfying this
criterion for each mass tested.

Data reduction software determines the transmissibility between input excita-
tion and response and, from this quantity and the phase angle, stiffness and
damping of the elastomer test specimen are readily calculated. Other quanti-
ties calculated include the amplitude across the elastomer and the energy
dissipation per unit volume. The operator is provided with an immediate
printout of stiffness, damping, strain, dissipation and temperature values as
each test point is completed. These quantities can be reviewed for consistency
and the point rejected or preserved. Preserved data is stored on a disk and

is available for a subsequent summary printout at the end of each test series.

Figure 1 provides a schematic of the DBase Excitation Resonant Mass test rig.
Included in this figure are a number of items not referred to in the preceding
summary description. The preload air spring is a pressurized air cylinder
which can apply a downward force on the elastomer specimen and is used for all
compression tests to ensure that the test elements never go into tension. The
axial motion mass guide spokes are used when very large masses are supported
on the elastomer to ensure that motion is purely vertical and that undesirable




rocking motion does not occur. The mass support air spring is used to relieve
the force applied by very large masses to the test specimen. In the present
series of tests, mass values were limited to those which did not require the
axial motion guide spokes or the mass support air spring. Figure 2 is a
photograph of the electromagnetic shaker with part of the Base Excitation
Resonant Mass test rig mounted upon it. The outer dark colored metal casing
is the outside of the preload air spring and its means of attachment to the
table. Protruding from the top of the casing is a small added mass; through
the side of the casing may be seen part of a test specimen and to the left of
the shaker may be seen a heater which provides a source of hot air for con-
trolling the ambient temperature of the elastomer test specimen. Figure 3 is
a schematic of the data acquisition system for the elastomer tests. The data
acquisition items previously discussed may now be seen in more detail. 1In
addition to the items previously discussed, this schematic shows the various
ways that the operator can monitor the testing process, i.e., via oscilloscopes,
the temperature indicator readout, and the teletype terminal.

Figures 4 and 5 show the elastomer test specimens employed in the present
series of tests. Figure 4 shows the shear specimen consisting of a central
square metal block surrounded by four similar slotted blocks. The slotted
blocks are clamped to the shaker table and the central mass is attached to
each slotted block via an elastomer sheet of approximately 3.15 mm (1/8 in.)
thickness and 48.8 mm x 25.4 mm (1.92" x 1.0") in sheared area for each inter-
face. Thus the central block forms the resonant mass. This mass may be

added to by passing a rod through the central hole and adding mass at the

top of the rod. Three output accelerometers are shown mounted on the central
block together with a fourth dummy accelerometer for inertial symmetry.

Figure 5 shows the compression test specimen. In this specimen, ten cyl-
indrical elastomer buttons are bonded to a bottom and top aluminum surface.

The bottom surface is clamped to the shaker table and the top surface forms the
resonant mass. Again, mass may be added by inserting a rod in a central hole,.
The buttons are 6.35 mm (1/4 in.) high and 12.7 mm (1/2 in.) in diameter. There
are ten buttons whose centers lie on a circle. Although not shown, three
accelerometers are mounted on the upper plate via the screws which may be seen.
Both the uninstrumented and instrumented compression specimens were basically
as shown in Figure 5. The instrumented specimen was obtained by drilling holes
through appropriate points in the various elastomer buttons and inserting
thermocouples therein.

Figures 6, 7 and 8 define the locations of the accelerometers and all the thermo-
couples. Figure 6 shows accelerometers AD (attached to the table) and Al, A2
and A3 which are attached to the resonant mass. Figure 6 also shows the six
thermocouple locations external to the elastomer elements themselves in the in-
strumented compression test specimen (chromel-alumel thermocouples were used).
Three thermocouples were located on top of the lower plate; one thermocouple
was located on top of the upper plate and two thermocouples were in the upper
mounting plate. Figure 7 shows the locations of the fourteen thermocouples
which were embedded in, or in direct contact with, elastomer elema2nts in the
instrumented compression test specimen. The ten cylindrical buttons may be
seen as circles numbered 1 through 10 in Figure 7. Thermocouples are indicated




by square boxes with the numbers 7 through 20 in them and arrows pointing to
the button in which the thermocouple in question was embedded. Figure 8 shows
a diametral cross section of a single button element with letters A through G
to indicate thermocouple locations. Beneath this cross section are listed

the thermocouple numbers which were placed in the various locations A through
G. By using Figures 7 and 8, the location of any thermocouple may be pinned
down to a specific button number and a specific location within that button.
It is recognized that the temperatures recorded from any thermocouple may be
caused in part by frictional heating due to rubbing of the thermocouple itself
in its cavity. The temperature results presented are subject to this possible
uncertainty.

A. Test Plan

The test plan followed for this investigation of strain, frequency, and ambient
temperature effects is defined by Tables 1, 2, and 3. 1In Table 1 are listed
the test series executed for the uninstrumented compression specimen, the in-
strumented compression specimen and the shear specimen. As may be seen for

the shear specimen and uninstrumented compression specimen, a full combination
of frequency and strain values was executed at each of the three ambient temp-
eratures (32°C, 66°C, 80°C). For the instrumented compression specimen, the
same set of strain and frequency values were executed at a single ambient temp-
erature of 32°C.

TABLE 1

TEST PLAN FOR ELASTOMER PERFORMANCE LIMITS

I. Compression Specimen Tests (uninstrumented)

A. For a temperature of 32°C at each combination of frequency
and strain defined by Table 2, measure elastomer stiffness
and damping.

B. TFor a temperature of 66°C at each combination of frequency
and strain defined by Table 2, measure elastomer stiffness
and damping.

C. For a temperature of 80°C at each combination of frequency
and strain defined by Table 2, measure elastomer stiffness
.and damping.

1I. Temperature Instrumented Compression Specimen
For a temperature of 32°C at each combination of frequency
and strain defined by Table 2, measure elastomer stiffness,
damping and temperatures.

ITII. Shear Specimen Tests

A. For a temperature of 32°C at each combination of frequency
and strain defined by Table 2, measure elastomer stiffness
and damping.

B. TFor a temperature of 66°C at each combination of frequency
and strain defined by Table 2, measure elastomer stiffness
and damping.

C. For a temperature of 80°C at each combination of frequency
and strain defined by Table 2, measure elastomer stiffness

and

damping.




Table 2 defines the combinations of strain and frequency which were executed.
Strain values between 0.0005 and 0.08 were tested while frequencies between
170 Hz and 600 Hz were tested. For the majority of frequency/strain combina-
tions, the tests were applied to both compression and shear specimens. For
the highest four values of strain, some limitations were imposed by the shaker
capacity and some of these combinations could not be executed for either
specimen and other combinations could be executed only for the shear specimen.
Table 3 defines the actual vibration amplitudes for the compression and shear
specimens which were required to achieve the strain amplitudes of Table 2.

As may be seen, the required amplitudes for the compression specimen were
larger than for the shear specimen which explains the high strain limitation
of Table 2 for the compression specimens.

TABLE 2
FREQUENCY AND STRAIN COMBINATIONS TO BE TESTED

Strain Frequency No.

1 2 3 4 5 6 7 8 9 10
0.0005 ,S c,S c,S c,Ss c,S c,Ss c,S c,S c,S c,S
0.001 c,S C,S c,S c,S c,S c,S c,S c,S c,S C,S
0.002 c,S c,S c,S c,S c,S c,S c,S c,s c,S C,S
0.004 c,S c,S C,S c,S c,S c,s c,s c,S c,S c,S
0.005 C,S c,S G,S C,S c,S C,S c,S C,S c,S c,S
0.008 c,S c,S c,S c,S c,S c,s c,S c,S c,S c,S
0.01 C,S c,S c,S c,s C,S c,S c,S c,S c,S S
0.02 c,S c,S c,S C,S c,S c,s S S S
0.05 c,S c,S C,S c,S S S
0.08 c,S c,S c,S S
C - Compression Specimen Tests
S - Shear Specimen Tests

TABLE 3

VALUES OF STRAIN AND ACTUAL AMPLITUDES

Amplitude for
Compression Specimen

Strain (microns/Mils P-P)
0.0005 3.18/0.125
0.001 6.35/0.25
0.002 12.70/0.5
0.004 25.40/1.0
0.005 31.75/1.25
0.008 50.80/2.0
0.01 63.50/2.5
0.02 127.0/5.0
0.05 317.5/12.5
0.08 508.0/20.0

Amplitude for
Shear Specimen
(microns/Mils P-P)

1.59/0.0625

3.18/0.125

6.35/0.25
12.70/0.5
15.88/0.625
25.40/1.0
31.75/1.25
63.50/2.5
158.8/6.25
254.0/10.0




Table 4 defines the frequency values corresponding to frequency numbers 1

through 10 for the majority of tests. In the cases where the highest fre-
. quencies could not be reached, additional frequency values were executed to
' give ten values in all cases.

TABLE 4
FREQUENCY VALUES

Frequency Frequency
No. Value, Hz

170
200
250
300
325
400
450
500
550
600

i

=
SQw~NoOWL W

B. Test Procedure

The following step by step process defines the procedure followed by the op-
erator in executing the tests for elastomer performance limits:
1. A resonant mass is selected and installed.
2. In the case of the compression tests, the elastomer sample
is statically preloaded.
3. Operator enters information describing the test conditions
and resonant mass.
4. The elastomer test sample cavity is enclosed and the temp-
erature control system given time to adjust ambient temp-

— erature to the desired value.

5. With low vibration levels applied to the base of the elastomer
holding fixture, frequency scans are conducted until the
approximate resonant frequency of the system is found. It
may be noted here that for a base-excited, single-degree of
freedom spring-damper-mass system, resonance occurs at an
angle smaller than 90°. The deviation from 90° is essentially
determined by the amount of damping in the system.

6. While the predetermined strain in the elastomer test sample
is maintained by adjustment of the shaker power input level,

_ the vibration frequency is adjusted to obtain the nearest
specified test frequency. Provided none of the acceleration
and displacement signals show signs of abnormalities (distor-
tions, or indications of nonaxial motion of the resonant mass),
the operator instructs the computer to acquire data.

7. Computer acquires data in the form of amplitude and phase for
each sensor and temperature for each thermocouple. The com-

— puter provides to the operator an immediate calculation of

stiffness, damping and power dissipation per unit volume of

elastomer along with the raw data from the sensors and
thermocouples.




8. Operator reviews these data and calculated results and indi-
cates to the computer either that the data point is acceptable
or not acceptable (normally it is acceptable).

9. 1If acceptable, the computer stores the data on a disk file;
if not acceptable, the data point is discarded.

10. The vibration frequency is changed to the next nearest test
frequency (with the phase angle between 15 and 165 degrees).

11. Steps five through ten are repeated for each specified value
of strain.

12. Tests, comprising steps 1 through 11, are then repeated with
each of the remaining masses in turn, each mass giving a dy-
namic system with a different resonant frequency, permitting
data to be taken at other test frequencies.

13. The ambient temperature in the test sample cavity is adjusted
to the next specified value.

14. Steps 1 through 13 are repeated until data at all desired temp-
eratures are obtained.

In addition to testing for dynamic properties, the material polybutadiene NEX 156G
was tested to determine its thermal conductivity, coefficient of expansion,
specific heat, chemical content, and reference temperature, 1g, for use in the
method of reduced variables. Some of these properties are for use in analyti-
cal predictions described in Section IV; other properties are considered to

be of value in design applications. The test methods for and results of these
property tests are presented in Appendix A. The tests were performed by the
Rubber and Plastics Research Association of Great Britain (RAPRA).

-10-
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SECTION IV
TEST RESULTS - ELASTOMER PERFORMANCE LIMITS

The first series of results presented are for the shear test specimen and for
the uninstrumented compression test specimen. Figures 9, 11, 13, 15, 17, and
19 show stiffness and loss coefficient as a function of dynamic strain for
different combinations of geometry and ambient temperature, and Figures 10,
12, 14, 16, 18, and 20 show stiffness and loss coefficient as a function of
frequency. For either independent variable, the complete set of results at
the particular ambient temperature and geometry has been plotted. With fre-
quency as an independent variable, a linear least squares fit has been
applied to the data. With strain as an independent variable, a second order
least squares curve fit has been applied to the data.

The curves with strain as an independent variable show certain distinct
characteristics:
e Stiffness decreases with increasing strain
o Loss coefficient increases with increasing strain
o There is a consistent decrease in stiffness as the ambient
temperature is increased.
® Loss coefficient decreases with increasing temperature
e The amount by which low strain loss coefficient falls with
increasing temperature is small.
o At high temperature the reduction in loss coefficient is
more pronounced.
e There is distinct clustering of the data points about the
fitted curves.
e The plots for the compression test specimen are even more
closely clustered about the fitted line than for the shear
specimen.
e The plots as a function of strain provide, with some scatter,
a uniform trend for data at all frequencies.
The plots as a function of frequency do not provide a uniform trend for the
data at all strains. The scatter is very broad indicating that for this ma-
terial, in this frequency range, the effects of strain are much more pronounced
than the effects of frequency. In the case of stiffness the gross trend of
the data is to show increasing stiffness with increasing frequency; but as

previously stated, the scatter is considerable. In the case of loss coefficient

the data suggests little dependence on frequency.

Based on the two sets of plots it is clear that dependence on strain is more
pronounced and more consistent for the range of frequencies investigated than
the dependence on frequency for the range of strains investigated.

Figures 21, 22, and 23 present plots of stiffness and damping as a function
of frequency for a single low value of strain for the shear test specimen at
32°¢, 66°C, and 80°C. These plots clearly show a more consistent variation
with frequency to which an acceptable straight line fit on log paper may be
applied. Treating the distortion in the shear specimens as pure shear, the
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relationship between component properties, shear modulus, sheared area and
strained dimension (thickness) may be used to extract storage moduli and loss
moduli in shear. The resultant values are shown in Table 5 for temperatures

of 32°C, 66°C, and 80°C. The moduli are presented as a power law function of
frequency: G' = AjwB1; G" = A>wB2 and the Tables give the four coefficients
A1, A2, Bj, Br to be used at each temperature. These values will be subse-
quently used to assess, by analytical methods, the contribution of self heating
to changes in elastomer properties with strain.

TABLE 5
SHEAR MODULUS COEFFICIENTS

G' = AjwPl Pa

Gll = A2U)B2 Pa
T Al Bl A2 B2
32°¢ 1.187 x 102 . .297 5.385 x 10% 42
66°C 1.284 x 100 .241 9.112 x 10% .314
80°C 1.415 x 100 .210 3.507 x 10% .408

A. Test Results for Instrumented Compression Specimen

As previously discussed, tests were run with the instrumented compression test
specimen at an ambient temperature of 32°C. The main supplementary results to
be obtained from these tests were measurements of temperature distributions in
the elastomer. However, the necessary measurements to determine stiffness and
damping were also made and an evaluation has been made of how well the results
with the instrumented compression test specimen reproduce the results without
installed thermocouples. Figure 24 shows the variation of stiffness and loss
coefficient with strain for the instrumented compression test specimen. The
values of stiffness and loss coefficient are not an exact reproduction of the
results with the uninstrumented test specimen, but lie within 10 percent of these
results. Since the installation of thermocouples is by no means an insignifi-
cant modification to the buttons, and since the total assembly did involve a
new set of buttons, this repeatability is considered satisfactory.

The variation of peak temperature, which occurred at button center, with strain,
is shown in Figure 25. It is apparent from these plots that there is a neg-
ligible increase in temperature up to a strain of .005 and only between 2° and
8° temperature rise up to a strain of .0l. At higher strains than .01, tempera-
tures increase sharply. Peak temperature results are shown for three frequen-
cies: 200 Hz, 450 Hz and 600 Hz. Ignoring the slight variations in ambient
temperature which dominate results at low strain (below .008), it is clear that
the highest frequency of 600 Hz causes the largest increase in temperature at a
given strain, which would be expected since the dissipation rate is strongly
dependent on frequency. Above a strain of .008, it is clear that 450 Hz shows
slightly lower temperatures and the 200 Hz tests show lower temperatures yet at
a given strain. Comparison of the temperature results in Figure 25 and the
variation of stiffness and loss coefficient with strain in Figures 15, 17, and
19 provides perhaps the strongest indication of the fact that internal heating
alone is not the cause of changes in dynamic characteristics with strain. The
reduction in stiffness by 30 to 40 percent at a strain of .0l can in no way

be explained by an increase in temperature of between 2° and 8°.
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As a result of increased shaker capacity at lower frequencies it was, in fact,
possible to reach higher ultimate temperatures at 200 Hz than at 450 Hz, and

at 450 Hz than at 600 Hz. The 200 Hz ultimate temperature is so high that, in
addition to change in dynamic characteristics, the potential for permanent
damage due to high internal temperatures should be of concern in elastomer
damper design. Methods of establishing the potential internal temperature will
be discussed in conjunction with predictions presented subsequently in this
report.

Figures 26, 27, 28, and 29 present centerline temperature profiles for the
elastomer buttons. In general the centerline profiles maintain reasonable
symmetry, with the possible exception of the 300 Hz and 450 Hz results at
higher strains. Only at the lowest frequency is the expected parabolic type
of temperature distribution obtained, whereas at higher frequencies there is

a sharper peak to the central temperature. The specific cause of these differ-
ences is not clear. It is apparent, however, that as the midpoint temperature
of the elastomer increases, the flow of heat to the faces of the button causes
these faces to achieve a temperature higher than the ambient temperature.
Appendix A provides a more comprehensive set of internal temperature measure-
ments at all the thermocouple locations.

B. Comparison of Measured and Predicted Dynamic Characteristics

As part of the effort to define the contribution of self-heating to the changes
in dynamic characteristics induced by dynamic strain, measured results for
stiffness, loss coefficient and peak temperature have been compared with pre-
dictions based on a thermo-viscoelastic analysis. This thermo-viscoelastic
analysis was developed under an earlier phase of the program and is documented
in reference 4. A summary description of the approach is presented here.

The thermo-viscoelastic analysis solves, in parallel, the stress equilibrium
and energy equations for the elastomer button. Both equations are treated one
dimensionally, the basic assumption being that changes occur more rapidly in a
direction parallel to the button centerline than radially across the button.
The basis for this assumption is that the elastomer is in intimate thermal con-
tact with the metallic fixtures at both button faces, whereas the free surface
of the button is exposed only to near stationary air. The energy equation
equates the local rate of heat generation in the elastomer to the rate of flow
of heat away by conduction. Steady-state vibration is assumed with the rate

of heat generation being the average over a vibration cycle. The stress equi-
libriumeguation equates the axial force at adjacent axial stations through the
button. The material properties (storage and loss moduli in shear) are assumed
to vary axially through the button as a function of temperature only. To
account for the effects of shape in compression specimens, the local stress

is multiplied by an empirical factor based on test results from an earlier pro-
gram phase.

Both stress equilibrium and energy equations are solved by one-dimensional
finite difference methods in which the continuum equation is replaced by a
discrete equivalent. Sufficient axial stations are used to ensure numerical
accuracy. The system of equations is nonlinear and the most effective solution
algorithm was found to be a time transient method in which the energy equation
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diffuses to a steady-state solution which consists of the axial distribution
of displacement and temperature. Once these distributions have been obtained,
the effective stiffness and damping of the button are calculated by integrat-
ing the stress over the face area and dividing by the amplitude of motion,
which is an independent parameter of the analysis.

Material properties required by the analysis are density, specific heat and
conductivity for the energy equation, and storage and loss moduli in shear as
a function of frequency and temperature for the stress equilibrium equation.
It is an implicit assumption of the analysis that the shear moduli are a func-
tion of temperature and frequency only, and that the only effect of strain is
to change the local properties as a function of the local temperature. The
properties of conductivity and specific heat were determined by the Rubber and
Plastics Research Association of Great Britain (RAPRA); the methods used are
described in Appendix A. The average values obtained were: conductivity =
.25 W/mK; specific heat = 1.58 J/gk. Storage and loss moduli in shear as a
function of frequency and temperature were obtained from the low strain shear
tests. Plots of stiffness and damping of the shear specimen at low strain for
three ambient temperatures have already been presented. Using the relationship
G = Kh/A where G is the complex shear modulus, K is complex stiffness, h is the
shear specimen thickness, and A is its sheared area, values for shear moduli
were obtained from these test results as presented in Table 5.

The thermo-viscoelastic analysis was executed for the shear and compression
specimens over a range of strains corresponding to the previously described
test results and for a number of frequency values. These resultant predic-
tions have then been compared with measured results for stiffness, loss coef-
ficient and temperature. The results are presented in Figures 30, 31, 32, and
33.

The comparisons for the shear test specimen show that predicted stiffnes does
show some strain dependence at very high strains (above .02) but that the mea-
sured drop in stiffness with strain is much more pronounced than that predicted
by the analysis. This is consistent with previous observations that small mea-
sured temperature rise corresponds to significant reduction in stiffness due

to strain. Thus, the predicted trends for stiffness as a function of strain
from the thermo-viscoelastic analysis do not adequately reflect the observed
material behavior. The predicted loss coefficient shows no observable varia-
tion with strain over the entire test range, whereas the measured loss coef-
ficient increases by a factor between 2 and 3 over the test range of strains.
Thus, again the predicted dependence of loss coefficient on strain from the

thermo-viscoelastic analysis does not adequately represent the measured behavior.

Similar observations are obtained for the compression specimen. No significant
reduction in stiffness is predicted over the range of strains tested whereas
the measured stiffness shows over a factor of 2 reduction over this range of
strains. The low strain predictions for stiffness are, in fact, lower than
measured which reflects a shape factor coefficient some 30 to 40 percent

higher for these button specimens than the number used in the thermo-viscoelastic

analysis. However, at high strains the variation in stiffness with strain is
so slight that, above a strain of .01, the predictions are higher than measured.
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Again the loss coefficient shows no perceptible variation with strain over the
range tested, although the measured value increases by approximately a factor
of 2. The predicted low strain, loss coefficient value is close to the mea-
sured value, but the high strain predictions are significantly lower than
measured. Thus, both for shear and for compression specimens, the thermo-
viscoelastic analysis does not adequately reflect the observed dependence of
dynamic stiffness and loss coefficient upon dynamic strain.

As previously discussed and demonstrated by measured results, the reason for
the inadequacy of the thermo-viscoelastic analysis in predicting strain-de-
pendent stiffness and damping is that thermal effects alone do not cause the
changes in dynamic characteristics observed at high strains. As a further
aspect of the high-strain behavior, the predicted peak temperature results
from the thermo-viscoelastic analysis are compared in Figures 32 and 33 with
measured peak temperature values at two frequencies, 200 Hz and 450 Hz. At
strains up to .025 the measured and predicted values of peak temperature are
very similar. At higher strains, the predicted values of peak temperature
tend to be higher than the measured values by up to 20° to 30°. It may,
therefore, be concluded that predicted temperature rise is as high or higher
than measured. This conclusion reinforces the argument that the inadequacies
of the thermo-viscoelastic model in predicting stiffness and damping could not
be the result of under-prediction of the temperature rise.

The distinct overestimate of the temperature rise by the thermo-viscoelastic
analysis offers a conservative approach to establishing amplitude limits in

the design and application of elastomer components as dampers. The analysis
should be used to predict peak internal temperature as a function of ambient
temperature, and strain. Limiting values of strain are defined as those values
causing the predicted peak internal temperature to equal the limiting tempera-
ture for the material (as quoted by the supplier, or as determined by separate
test). If these corresponding amplitude values are used as absolute operating
limits for the component in its intended application, then the component should
be safe from short-term damage due to internal temperature generation. Note
that this does not address the question of fatigue, which would be expected

to impose more severe constraints on long-term operation.
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SECTION V
DISCUSSION - ELASTOMER PERFORMANCE LIMITS

The elastomer performance limits task was directed at evalution of the effects
of strain on the dynamic characteristics of the elastomer and the implications
of these effects on design of elastomer dampers. The results have shown that
over the range tested, strain is an important parameter which reduces the
stiffness and increases the loss coefficient or ratio of damping to stiffness.
The damping itself is reduced at high frequency but not so severely as stiff-
ness. These observations are consistent with previous results of references 4,
5, 6, and 7.

In evaluating the significance of these observations to design, one important
consideration is the relationship of strains to be expected in-service to

the strains which have been tested. While it is difficult to set universal
values for strain limits, double amplitude vibration of up to 125 microns

(5 mils) could be anticipated at an elastomer damper under severe vibration
conditions; and in a satisfactorily balanced rotor, 25 microns double amplitude
might be expected. The strained dimension is expected to be in the range of

3 to 10 mm. The resultant range of strains from these numbers, which will be
taken as representative, is .0025 to .04. This range falls within the range

of values tested.

Review of the test results in Figures 9, 11, 13, 15, 17, and 19 shows that at
the low end of the representative strain range, the stiffness and loss coeffi-
cient vary only a small amount from values at lower strain. At the upper end
of this representative strain range however, the deviation from the low strain
values are substantial: at least a factor of 2 decrease in stiffness and a
factor of 2 increase in loss coefficient. There exists a strain region where
dynamic characteristics are nearly independent of strain, but this region ex-
tends only to the low end of strain values to be expected in vibration control
applications. Thus, some effective account should be taken of strain in design
of rotor systems which employ elastomer dampers as components.

Accounting for strain effects in design has several implications. Firstly,

it is desirable to be able to predict a range of dynamic characteristics which
may be experienced over a range of possible vibration amplitudes. Secondly, it
is necessary to ensure that the rotor system dynamic characteristics remain
satisfactory over this range of dynamic characteristics of the damper. Thirdly,
it is necessary that the elastomer survive its environment.

Addressing the need to predict, several questions present themselves: Is
there an analytical model which can predict strain effects from the physics
of the problem? Is there an empirical model which can be fitted to the data?
How many parameters have to be independent variables in the model? Will the
same model apply to different materials or different classes of material?

The prognosis for an analytical model along the lines of the thermo-viscoelastic
model already tested is not good. The additional influence of strain, beyond
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its thermal effect, which involves changes to the structural interaction of
the elastomer material, makes a thermo-viscoelastic model alone of limited
value.

Empirical models can be fitted. The curve fits in Figures 9, 11, 13, 15, 17,
and 19 represent such models. But unless these models can be generalized,
they are of limited use in deterministic prediction. Since the trends are in
all cases similar, they encourage such a generalization in which the results
are combined by normalization and presentation on a single plot.

If it is assumed that the low-strain dynamic characteristics can be predicted
using available low-strain data, then the knowledge of the ratios of high-
strain characteristics to low-strain characteristics would suffice to define
the required high-strain dynamic characteristics. To this end the empirical
curve fits as a function of strain have been used to determine the ratio of
high-strain stiffness to low-strain stiffness for each geometry and each temp-
erature tested,and the results have been plotted for all cases in Figure 34 as
a function of strain. Unfortunately the results are disappointing. They show
that both geometry and temperature affect the variation of the stiffness ratio
with strain. In particular:
e Compression specimens show substantially more reduction in the
stiffness ratio at a given strain than shear specimens.
e There is a more pronounced variation with strain in low-temp-
erature values for stiffness ratio than high-temperature values.

In Figure 35 the loss coefficient is plotted as a function of strain for all
geometries and temperatures tested. Again, both geometry and temperature
significantly affect the variation of loss coefficient. In particular:
e Compression specimens show more variation in loss coefficient
than shear specimens.
o There is a more pronounced variation in low~temperature loss
coefficient than high-temperature loss coefficient.

Thus, this empirical approach is not seen as a promising basis for the general-
ized deterministic predictive model. However, Figures 34 and 35 do provide
the tentative basis for establishing the uncertainty in stiffness and loss
coefficient which must be accounted for at preliminary stages of design when
only analytical prediction can be made. The following sequence describes pos-
sible steps in design which would use this information.
e Obtain low-strain loss and storage moduli in shear at different
temperatures for each candidate material (from previous tests
or published data).
o Apply geometrical relationships to establish low~strain stiffness
and loss coefficient of candidate elastomer configurations and
materials at temperatures of interest (using standard stress-—
strain relationships and shape effect).
e Define anticipated range of dynamic amplitudes and strains.
® Apply ratios read from figures 34 and 35 to establish varia-
tion in stiffness and loss coefficient to be expected over the
anticipated range of dynamic amplitude; thereby determine
stiffness and loss coefficient envelope.
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e Perform system dynamic analysis to calculate system dynamic
performance over the established envelope of stiffness and
loss coefficient for each candidate.

o Narrow candidate geometry and material down to those which
provide satisfactory dynamic performance over the expected
envelope of dynamic characteristics.,

Further selection within this set of candidates can be made on the basis of
other considerations such as environmental compatibility. Desirably, several
of the most promising candidates would be tested both as components for com-
ponent properties and in the system for resultant system performance. In

this way the uncertainty in component performance can be reduced and the {final
selection made on the basis of actual system performance. The steps provided
above should ensure that there is a number of acceptable candidates from which
to choose. As the next section of this report will show, very modular simple-
to-replace elastomer dampers can be built and tested. Alternatives can be
compared by system damping and an optimum thereby identified.

As indicated earlier in this discussion, in addition to satisfactory dynamic
performance, the question of survival is important. One aspect of survival

is to ensure acceptable internal temperatures and for this requirement, as
discussed under Section IV of this report, the thermo-viscoelastic analysis
previously referred to and evaluated provides an encouraging basis for conser-
vative identification of operational amplitude limits. A second important
aspect of survival is the requirement to maintain integrity and acceptable
dynamic characteristics over an acceptable life. As yet,the present test
program has not addressed these questions. Fatigue tests should be performed
under different amplitudes of dynamic strain and at different frequencies; and
tests should also be performed to determine the degree of deterioration in
stiffness and damping which result from exposure to fluids such as oil and
fuel which will be present in bearings and/or gas turbine engines.

The next sections of this report describe the design and test of an elastomer
for control of flexible rotor vibrations. While the design procedure followed
is consistent with some of the steps described in the preceding discussion, it
is noted that the elastomer performance limits and elastomer design and test
efforts proceeded in parallel and, as a result, not all the above thinking was
followed in the elastomer damper design.
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SECTION VI
DESIGN OF ELASTOMER DAMPER FOR TEST ROTOR

A. Test Rig Mathematical Model

The test rig used for this project was adapted from an earlier test rig described
in reference 2. The rotor was designed to represent the power turbine of an ad-
vanced gas turbine engine and consists of a 2.22 cm (7/8 in.) x 58.4 cm (23 in.)
shaft with a 26 cm (10.25 in.) diameter disc mounted at one end. A small air
turbine at the opposite end drives it to a maximum speed of 30,000 rpm. Figure
36 is a photograph of this rotor during assembly. The rotor runs on one pair of
angular contact ball bearings at either end, originally supported in pedestals

by metallic flexures and damped with squeeze film dampers. These pedestals were
put aside and a new set was designed to substitute elastomeric mounts for the
older flexure-squeeze film arrangement.

The new mounts were designed by first creating a mathematical model of the
rotor. This model, shown schematically in Figure 37, consists of 31 stations
defining 30 discrete sections. Each section is defined by length, outer dia-
meters for use in stiffness and mass calculations, inner diameter, elastic
modulus, density and shear modulus. Additionally, discs described by concen-
trated mass and inertia values may be located at any station. The mathematical
model of this rotor is shown in Table 6. Elastomeric pedestals were represented
by radial stiffness and equivalent viscous damping coefficients. The ball
bearings were likewise represented by a radial elastic stiffness and a small
viscous damping coefficient. It was assumed that the bearings and pedestals
had zero angular stiffness and damping.

The mathematical analysis of the elastomer damper test rig was composed of
three phases. The first phase consisted of a damped critical speed analysis,
which allowed the optimum support properties to be determined, and the selec-
tion of elastomers to test. The second phase consisted of performing a re-
sponse analysis to compute expected unbalance response of the test rig, while
the third phase involved the actual design of the elastomer supports.

B. Support Optimization

In order to find values for elastomer stiffness and damping, a damped natural

frequency analysis was performed. The pedestals were assumed to have stiffnesses
of 1.75 x 106, 5.25 x 100 and 1.75 x 10/ N/m (10%, 3 x 104 and 105 1b/in.) at both
ends. Damped natural frequencies were computed for pedestal damping coefficeints

of 1750, 3500 and 8750 Ns/m (10, 20, and 50 lb-sec/in.). Table 7 shows the results

of these calculations. Damped natural frequencies are calculated by assuming a
rotor speed and calculating the natural frequencies corresponding to that speed.
They are complex and of the form o t+ jw, where o denotes system stability (nega-
tive ¢ implies stability) and w denotes the frequency. The natural frequencies
for Table 7 were calculated by first finding the approximate location of the
natural frequencies and then using a rotational speed close to the natural fre-
quency to be calculated. For example, referring to Table 7, with a stiffness and
damping of 1.75 x 100 N/m and 1750 N-sec/m (104 1b/in. and 10 lb-sec/in.), res-
pectively, the first damped natural frequency at 4,425 cpm was calculated by
setting the rotor speed to about 4,000 rpm and computing the natural frequency
in this range. Similarly, the speed may then be set to about 17,000 rpm to find
the second frequency at 17,278 cpm, and so on. The damped natural frequencies,
therefore, are approximately synchronous values.
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ROTOR DATA
STATION MASSWL.AS  POLAR M T TRHSV.M,IN
1 =0, -0. -0
2 =0, -0. -0
J -0, -0, -0
4 -0, -0. ~-0.
5 -0, -0, =0,
6 -0. -0, -0.
7 =0, -0, -0,
A -0. -0, -0.
9 -0. -0. -0,
10 ~0. -0, =N,
11 «6000F-01-~0, =0.
12 -0, -0, ~0.
| =0, -0, -0,
l“ -0, '0. 'Oo
15 ~0. -0, -N.
16 «A000E~0)-0, -0,
17 -0. ~0. -0,
18 -0. -0. -0,
lq -n, -0. -0
20 ~0. =0. -0.
21 -0, -0, ~0.
2? ~0. -0 =0.
23 ~0. ~0. -0,
2h =0, ~0. =0
25 -0, -0. ~0.
26 =0, -0, -0,
27 =0 ~0. -0
28 -0, -0. -0
29 «131AE 602 (1914t e0Y
Jo 0. -0, -0
3‘ =0 ~0. -0,
ROTOR WEIGHT TRANS.MOM, IN
« 19335741402 «AI2A8863F 0]

A579F +02

POL AR MOM,IN
«19135124F 403

TABLE 6

TEST ROTOR MATHEMATICAL MODEL

LFNGTH
+HAR0E«N0
.2500F 00
«1000E+01
IDA2ESDL
+1800E+00
+6950E 400
+1000E401
L1060E+01
.1000E+01
.anOE‘OI
«1000E+0]
+1500F+01)
+5N00F+00
«1000E-0]
nlOOOF‘O‘
«1000F 01
1000401
«1000E 01
«1150F+01
+AS00E+00
24000E00
«61S0E+00
+9400E+00
«2000E«00
«2SN0E«00
«T000E-0O
«JNOOF «00
.S0D0E«00
+S000F«00
«S000€£400

0,

STATION 1-CG
«1ABTAR9SE 02

DIAISTIFF)

«6250€+00
»JO0DOF «00
LT000E+00
+J000F +00
+T000E+00
+JATSOE«00
+ATSOE«00
+RTIS0FE+N0
+ATS0E+00
+BT50E«00
ORTSOEQOO
«A7SO0E+00
+ATS0E+00
+AT1S50€400
+ATSOE 0N
+B87150E400
+AIS0E«00
+ATSOE«N0
+ATSO0E«N0
.1200F+01
«1250E 01
+1400F+01
«1400F 01}
«1700E-01
+1400€401
«1400E0]
«2200E+01
«3600E+01}
«1900€+01
«AIS0F+00
0,

DIA(MASS)
+112%E¢0)
«3000F 40}
«1000F+0}
«1000F«01
«+1000E+01
+ATSOFs00
+ATS0E+00
c87SOE‘OO
«B7S50E«0N
uB7SOE000
«BTSOES00
«B7S0E+p0
«8T150E+00
«O150E4+00
+BI50€E400
+8T150E+00
18750E000
«RTS0E+00
«B7150E+00
chOOE‘OI
«1700E+01
«1700E+0])
»1700F+0)
+1700E40]
«1400E+0)
s 1400E+01
«2900F+01
«1000E-02
-1000E‘02
«1000E~02
0.

ROTOR LFMGTH
+2299000€02

INNER DIA. YOUNGS MOD

0.

«4JTSE00
«B750F+00
«8750F+00

O

0.

0.

0.

«3000E+08
+JO0OE+0B
«3000E+08
«JOO0E+OR
+JO00E+0A
+«3J000E+08B
+«3000E+08
+«J000E+08
+3J000E+08
«J000E+08
+J000E+08
+JO00QE+08
+3000E+08
+3000E4+0R
+3J000E+08
«JO00E+08
+3000E «08
+«JO0OE 08
«JOO0E+08
+»JON0OE+08
+JO0OE 08
«JO00E+08
«3000E+08
«JOUOE+O8
«J000E+08
+3JO00E+08
«3J000F 08
+195S0E+08
+1550F+«08
«1550F+08
«15S0E+0A

{SHEAR) &G
«B650E407
«B8650FE+07
aﬂbSOE'O7
+B650E407
+8650E+07,
+B6SO0E+07
«8650F+07
+N650E+07
+8650E+07
«B650F+07
«8650F«07
«8650E+07
«B&50E+0QT7
«B650E+07
u8650E007
«B650E+07
+B8650E+07
+B650L 407
«8650E+07
+B650E+07
«8650E+07
+B650E+07
086505‘07
«B65S0E+07
«B650F+07
«B6S0E07
«B650E407
«4310E407
+4310E+07
«4310fFs07
«4310E+07

NENSITY
«2830E+00
+2B830E+00
«2830E+00
«20830F +0D
+2830F+00
+2RI0E-00
«2830E+00
«2R30E+00
+2030E+N0Q
+2830E+00
+2RA30E+00
+2830E+00
«2R30E+00
.2“30[‘00
«2B830E«n0
«2BI0E+D0
02830E000
.ZBJOE‘OO
«2830F 0N
«2830E+00
«2830E400
+2830E+00
«2830E+00
«2830E 00
«2830F +00
«2830E¢00
«2830E+00
«1630E+00
«1630E+00
«1630E+00
«1630E+00



TABLE 7

DAMPED NATURAL FREQUENCY AND LOG DECREMENT AS A
FUNCTION OF BEARING SUPPORT STIFFNESS AND DAMPING

Bearing Support Bearing Support

Stiffness Damping .
N ;E Ns EE;EES Damped Natural Frequency System Log Decrement
m/ in. m in. (cpm)
6
1.75 x.10 /lO{+ 1750/10 4,425 17,278 23,168 1.311 .077 .023
3500/20 4,144 17,241 23,142 2.791 .152 .044
8750/50 - 16,997 23,017 - .371 .089
6
5.25 x 107/ 1750/10 7,373 17,521 23,241 .767 .086 .028
3 x 104 3500/20 7,217 17,478 23,206 1.574 .168 .052
8750/50 - 17,301 23,131 - .186 .061
1.75 x 107/105 1750/10 12,988 18,380 23,645 .100 .081 .110
3500/20 12,948 18,382 23,430 .200 .156 .110
8750/50. 12,609 18,282 23,178 460,392 132

The system log decrement, §, is extracted from the damped natural frequency
using the equation

where lwl represents the absolute value of the frequency. The sign of the log
decrement indicates stability (a positive value means a stable system, a nega-
tive value means an unstable system) and its magnitude indicates how quickly a
transient disturbance will grow or die out. Additionally, the log decrement
yields information concerning the sharpness of the resonance curve, since the
quality or amplification factor Q is related to the log decrement by the

expression:
=T (2)
Q=73
and to the modal damping ratio Z by the equation:
. O
L =5 (3)

7
The stiffness range of 1.75 x 106 to 1.75 x 10" N/m (104 to 105 1b/in.) was estab-
lished as the practical elastomer stiffness range for this size and type of rig.

The optimum stiffness choice, from Table 7 is not immediately apparent because,
for higher values of damping, the low (1.75 x 100 N/m) stiffness value has the
first mode critically damped, while the high (1.75 x 107 N/m) stiffness shows a
better third critical log decrement. The third mode is a backward mode and
will not be excited by forward whirling unbalance. The optimum stiffness is
readily apparent, however, when it is recalled that, for elastomers, the
stiffness K and the viscous damping, coefficient B, are related by the loss
coefficient n.

wB = nk (4)
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Assuming, for purposes of argument, that K is not frequency dependent, and the
loss coefficient is unity, we can tabulate the damping coefficients for the
first two modes. The tabulation is given in Table 8.

TABLE 8

DAMPING COEFFICIENTS FOR AN ELASTOMER
WITH A LOSS COEFFICIENT OF UNITY

Support Damping
Stiffness Frequency Coefficient
<El 1b (cycles) N-sec /lb-sec
m/ in. minute m in.
1.75 x 106/104 4,000 4203/24
17,000 1051/6
5.25 x 10%/ 7,000 7180/41
3 x 10% 17,000 2977/17
5
1.75 x 107/10 13,000 - 12784/73

18,000 9282/53

Using Table 8, it is apparent that reasonable values for the damping coefficient
are only obtainable using the largest value of bearing stiffness. Additionally,
from Tables 7 and 8, it appears that the problem natural frequency will be the
second, occurring at a little under 20,000 rpm. If log decrement is plotted
against pedestal damping, for an elastomer stiffness of 1.75 x 107 N/m (100,000
1b/in.), the curves illustrated in Figure 38 are the result. From this figure,
it is apparent that an optimum value of damping exists, approximately 1.75 x 104
N-sec/m (100 1lb-sec/in.), and that the corresponding log decrement is .965.
Figure 39 shows how damping B varies with the loss coefficient n. For a loss
coefficient of 0.8, corresponding to Viton-70 at 70°F, the damping at 20,000 rpm
is 6655 N-sec/m (38 lb-sec/in.) and for a loss coefficient of 0.15, corresponding
to polybutadiene at 70°F, the damping is 1261 N-sec/m (7.2 lb-sec/in.).

For this project, plans were made to test two elastomers, Viton and polybuta-
diene since under planned test conditions, they represent the practical ex-
tremes of elastomer capability, in terms of internal damping. Both elastomers
incur a penalty, with respect to the damping, giving optimum log decrement.
Table 9 presents this penalty, by comparing the expected log decrement of an
elastomer damper with the optimum value of log decrement.

TABLE 9

COMPARISON OF MODE 2 LOG DECREMENT FOR POLYBUTADIENE
AND VITON-70 WITH OPTIMUM DAMPING

p (Msee) [Lbsec) 5

(1) Optimum 17513/100 .965
(2) Polybutadiene 1261/7.2 - .075
(3) Viton-70 6655/38 .31

Y




The table shows a larger penalty with polybutadiene than with Viton but, from
experience, both combinations are balanceable using multiplane balancing methods.

C. Response Analysis

To estimate the unbalance sensitivity of the elastomer-mounted rotor, a series
of unbalance response calculations was performed. As seen in Figure 36, un-
balance may be added in the form of threaded weights screwed into tapped holes
at several locations along the rotor. Included in these locations are the
large disc, two discrete locations along the shaft, and the drive turbine.
Figures 40 through 43 illustrate the results of unbalance response calculations,
using an unbalance of 2.54 gram centimeters (1 gram—-inch) in either the disc or
the shaft (stations 29 or 11, respectively, in Figure 37). These figures show
the response of the disc (Station 31 of Figure 37) if weight was added to the
disc, or response of the center of the shaft (Station 13) if weight was assumed
to be in the shaft.

Figures 40 and 41 show the calculated response plots of amplitude against rotor
speed for the test rig on polybutadiene mounts (loss coefficient n= .15). Fig-
ures 42 and 43 show the response to these same unbalances, but with Viton-70
supports (n = .8). These sets of curves indicate that the second critical

will be the most troublesome and that the rig will be much more sensitive to
unbalance when mounted on the lower loss coefficient polybutadiene supports.
Table 10 gives the computed values of the rig critical speeds and the expected
sensitivity to unbalance in units of microns (peak-to-peak) per gram of unbalance
at the balance hole radius.

TABLE 10
COMPUTED VALUES OF CRITICAL SPEED AND SENSITIVITY TO UNBALANCE

L. Sensitivity
Critical Speed to Unbalance
Support Loss Number Value (microns P—P)«%ils P—P)
Material Coefficient (rpm) gram gram
Polybutadiene .15 1 9,030 917/36.1 (Disc on Disc)
.15 2 18,894 1478/58.2 (Shaft on Shaft)
Viton-70 .8 1 8,184 254/10.0 (Disc on Disc)
.8 2 18,570 297/11.7 (Shaft on Shaft)

D. Elastomer Suspension Design

The method chosen for designing the elastomer supports was to mount each bear-
ing housing on three elastomer cartridges spaced 120° apart, as shown in Figure
44, The elastomers are composed of one or more buttons glued to upper and
lower platens, forming easily replaceable cartridges, shown in Figure 44B. The
number, diameter and thickness of the buttons in each cartridge are chosen to
satisfy the requirement of a 1.75 x 107 N/m (100,000 1b/in.) overall stiffness
at 20,000 rpm under specified ambient conditions. The elastomers are preloaded,
about 10 percent, by a pair of preload screws on each cartridge, such that the
elastomer buttons are always in compression.

For the elastomer mounting configuration shown in Figure 44, the overall stiff-
ness is calculated by first making the following definitions:
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S

K
c

the elastomer button stiffness in shear

the elastomer button stiffness in compression

The support geometry is given in Figure 45A, which shows three elastomer
buttons, spaced at 120° intervals, separating a bearing housing from the
surrounding pedestal. When the housing is given a downward displacement of
some distance X, the individual buttons are deformed in some combination of
compression and shear. This is illustrated in Figure 45B for one of the
buttons, where X is the total downward deflection; X, is that component of

the total deflection taken up by elastomer compressionjand Xg is that compon-
ent accommodated by shearing. If the individual buttons are labeled 1, 2, and
3 starting from the top, we can describe the compression and shear deflection

of the individual buttons in terms of the imposed bearing housing deflection X.

The deflection of the first button is simply as follows:
ch = X (5)
X1 = 0 (6)

where Xj. is the compressive, or normal, deflection and Xjg is the shear de-
flection. For buttons 2 and 3, we find that:

- o o X
ch = X3C Xcos60 5 (7)

o _ V3.
X28 = X3S Xcos30 'EX (8)

il
il

The forces produced by these displacements are the products of the individual
button spring constants (KC for compression and KS for shear) with the normal
or shear displacements. For the first button, the forces are:

Flc - KCX (9)

Fls =0 (10)

where Fj. and F)g4 are the compressive and shear forces, respectively. For
buttons 2 and 3, the same procedure is followed.

_ - X
Foe = F3c K7 (1)
F. = F =k "3x (12)

2s 3s s 2

The total force Fp in the direction of displacement X is the sum of the force
through button 1 and the components of force in the X direction from buttons
2 and 3.

FT = Fi. + (F2C + F3c) cosb60° + (FZS + F3S) cos 30

=Kx+§1< +§x1< (13)
c 2 ¢ 2 s

The above equation may be simplified to read:

Fp = 1.5 (Kc + KS)X (14)
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If the elastomer mount consists of cartridges with a number of individual
elastomer buttons or elements, then the total force is simply the sum of
the individual element forces,

Fp = 1.5 Np (K, +K)X (15)
where Np is the number of buttons or elements per cartridge. The radial stiff-
ness of the assembly, Kg, is the resultant force divided by imposed displacement.

F
K, = I

R=X 1.5 NB (KC + KS) (16)

The next task is designing the individual buttons. With one required support
stiffness of 1.75 x 107 N/m (100,000 1b/in.), we find from Equation (16) that

Ny (K +K) =117 x 10% N/m (66,666 1b/in.) (17)

Empirical correlations for the compressive and shear stiffness of polybutadiene
buttons have been developed in reference 3 and are given below,

2 2

B , D -.29 /D
K, = 3G T [1 + 12.33w (4h ] (18)
2
_ ~1 7D
K, = 6" - (19)

where D is the diameter and h the height of a cylindrical elastomer button
(meters), G' is the shear modulus (newtons per square meter) and w is the fre-
quency (radians per second). The shear modulus is frequency and temperature
dependent and is given below for two temperatures expected to be in the range
of normal operation (based on data from reference 4).

6 .2037
w

For polybutadiene at 32°C; G' = 3.686 x 10 Pa (20)

6 .2627 Pa
w

For polybutadiene at 50°C; G' 1.902 x 10 (21)

Equations (16), (18), and (19) can be combined to find the radial stiffness
for polybutadiene buttons.

nDz
4h

2
B , -0.29 , D
Kp = 4.5NBG [1.33 + 12.33w (Ah) ] (22)

In the case of Viton-70, similar test data are not available. However, if the
radial stiffness correlation for polybutadiene, given in Equation (22), is
assumed to apply to Viton-70, then one need only find a value for the shear
modulus at the frequency of interest. The static shear modulus for 70 durometer
elastomers, from reference 8,is 1.861 MPa (270 lb/in.z). Results of dynamic
testing of O-rings, made from Viton (ref. 5), reveal that a dynamic multiplier of
6.084 is necessary to correct the static shear modulus to an operating frequency
of 2,000 radians/second (approximately 20,000 rpm) at 32°C. An additional
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factor of 0.614 is also required to correct an operating temperature of 50°C
at that frequency. Table 11 lists the values of shear modulus for both elas-
tomer types at 2,000 radians per second.

TABLE 11
VALUES OF SHEAR MODULUS G' AT 2000 RADIANS/SECOND

Shear Modulus

Temperature MPa lb2
Elastomer (°c) in.
Viton-70 . 32 11.33/1,643
Viton-70 50 6.96/1,009
Polybutadiene 32 17.31/2,511
Polybutadiene 50 14.00/2,031

Equation (22) can now be applied to the design of elastomer buttons. Figures 46
through 49 plot radial stiffness against button diameter for the case of a single
button per cartridge (Ng = 1). Each figure consists of three curves, correspond-
ing to elastomer thicknesses of 2.38, 3.18 and 4.76 mm (3/32, 1/8 and 3/16 of an
inch). Figure 46 corresponds to Viton-70 at 32°C, Figure 47 to Viton-70 at 50°C,
Figure 48 to polybutadiene at 32°C and Figure 49 to polybutadiene at 50°C. The
required button diameter for any given stiffness is readily found from these
curves. Table 12 gives the necessary stiffness per button to achieve the

100,000 1b/in. that is desired for the overall stiffness value.

TABLE 12
STIFFNESS VALUES TO BE USED IN FINDING BUTTON DIAMETERS

Stiffness Value to be Used in

Number of Elastomer , N /lb
Buttons Per Cartridge Figures 46 through 49 (m in.)
1 1.75 x 10’/100,000
2 8.76 x 106/50,000
3 5.84 x 106/33,333
4 4.38 x 10°/25,000

Table 13 gives the necessary button diameters, based on Table 12 and Figures
46 through 49, to achieve the 1.75 x 107 N/m (100,000 1b/in.) figure.

Preliminary layout work indicated that a 3-button per cartridge arrangement,
using 1/8-inch thick elastomer stock, would go together well, therefore, this
combination was selected. Also, for simplicity, it was decided to use a single
diameter for Viton and polybutadiene buttons. A diameter of 15 mm (0.59 in.)
was selected (see Table 13) to insure that a minimum stiffness of 1.75 x 107 N/m
(100,000 1b/in.) existed at all times.
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TABLE 13
BUTTON DIAMETERS TO ACHIEVE A 100,000 LB/IN. RADIAL STIFFNESS

Button Number of Button Diameter (mm/inches) For:

Thickness Buttons Per Viton Viton Polybutadiene Polybutadiene

(mm/in,) Cartridge at 32°C at 50°C at 32°C at 50°C

1 14.7/.58 17.0/.67 13.2/.52 14.0/.55

2.38/;L 2 12.2/.48 14.0/.55 10.7/.42 11.4/.45

32 3 10.7/.42 12.4/.49 9.4/.37 9.9/.39

4 9.9/.39 11.4/.45 8.6/.34 9.1/.36

1 18.0/.71 21.6/.85 16.0/.63 17.0/.67

3 lS/l 2 14.7/.58 17.0/.67 13.0/.51 13.7/:54

* 8 3 13.0/.51 15.0/.59 11.2/.44 12.2/.48

4 11.7/.46 13.7/.54 10.2/.40 10.9/.43

1 24.4/.96  28.2/1.11 21.3/.84 22.6/.89

4 76/£L 2 19.6/.77 22.9/.90 16.5/.65 18.0/.71

' 16 3 16.8/.66 20.1/.79 14.5/.57 15.5/.61

4 15.2/.60 18.0/.71 13.0/.51 14.2/.56

E. Test Rig Assembly

Figure 50 shows a view of the elastomer cartridges as they were being assembled.
On the right are two platens and three individual buttons, while the assembled
cartridge can be seen on the left. Figure 51 shows the two pedestals and bear-
ings: the disc end on the left and the turbine end on the right. Additionally,
two preload screws can be seen with their calibrated washers (the washers are
trimmed on assembly to get the correct preload) as well asa partially assembled
elastomer cartridge. Figure 52 shows the disc end bearing housing assembled
within its pedestal. Note that solid steel blocks have been inserted instead
of the elastomer cartridges. These blocks allow comparisons in unbalance re-
sponse to be made between hard-mounted and elastomer-mounted rotors.

Figure 53 shows a side view of the test rig as it was finally mounted and in-
strumented in the test cell. The disc is inside a vacuum box on the left and
the drive turbine is on the right. Figure 54 shows the rig from the front,
with the vacuum bases in the foreground. Finally, Figure 55 shows a detailed
view of the turbine-end bearing housing and pedestal. Two elastomer cartridges
are visible in the 12 and 4 O'clock positions. The two noncontacting probes
measure the motion of the housing relative to the pedestal, and the two visi-
ble flexible tubes are the bearing oil feed and drain lines.

F. Summary of Design Procedure

The preceding section shows that the design of elastomer dampers for a rotor
system involves a number of discrete steps. The following is a summary of the
procedure followed, which forms a guideline for designing elastomer dampers to
control vibrations of a particular rotor-bearing system.
1. Review elastomer materials available in the light of required
parameters and operating environment (temperatures, lubricant
compatibility and so forth).
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Construct a rotordynamics model of the shaft system in its
bearings.

Compute the damped natural frequencies and logarithmic de-
crements of the shaft system for a range of support coeffi-
cients, within the elastomer material limits.

Choose optimum support properties in terms of elastomer
stiffness and loss coefficient.

Confirm this choice of parameters by performing an unbalance
response analysis to obtain bearing loads, steady-state or-
bits, etc.

Select candidate materials and configurations for the damper.
Perform tests to confirm properties and suitability for the
expected operating environment, if such data are not already
available.

Layout possible configurations for the most promising elasto-
mer. Select dimensions to give stiffness and damping proper-
ties as close as possible to optimum values for each material.
Evaluate the performance of the chosen configurations (using,
for example, unbalance response analysis). Include strain
effects as discussed in Section V.

If the results of step 7 are satisfactory, choose one or more
configuration and design the damper in detail. If the results
of step 7 are not satisfactory, then repeat steps 6 and/or 7
until acceptable combinations are found. Desirably, more than
one viable candidate would be selected, built and evaluated by
test.

Build and test the dampers to experimentally verify their pre-
dicted performance, and made final selections.




A. Instrumentation and Test Plan

SECTION VII
TEST RESULTS - ELASTOMER MOUNTED TEST ROTOR

The instrumentation used for these tests consisted of:
Probes ~ Bently Nevada, noncontacting
Proximitors - Bently Nevada
Phase reference - MTI Fotonic SensorlM
Tracking Analyzer - Vibration Instruments Co. Model 235DS
Plotter - Hewlett Packard 7046A XYY' Recorder

Tape Recorder - SANGAMO SABRE VI
Computer Balance - Digital Equipment Corp. PDP 11/34 with MTI COMMAND
Balancing Software

™

Oscilloscope - Tektronix 502
Counter - Hewlett Packard 5323A
FFT - Nicolet 440A Mini-Ubiquitous with Tektronix Model 4662 Interactive

Digital Plotter

Temperature - Omega 2166A Digital Thermocouple Meter

The test procedure was as follows:

1.

2.
3.

9.

10.
11.
12.

Install Polybutadiene damper cartridges at both locations
(turbine end and disk end).

Balance the rotor using MT1 coMMAND M balancing software.
Create an unbalanced condition in the disk in four discrete
steps.

Create an unbalanced condition in the shaft in four separate
steps after the unbalance was removed from the disc.

Remove shaft unbalance and install Viton-~70 damper cartridges
in place of the polybutadiene cartriges.

Rerun with disc unbalances.

Repeat shaft unbalance runs.

Replace Viton dampers with solid steel blocks and run with
disc unbalance.

Replace turbine end steel block with Viton damper and run with
a limited number of unbalances.

Record data from selected runs on magnetic tape.

Plot displacement amplitude against rotor speed for test runs.
Photograph disc and shaft orbits for selected runs.

B. Data Reduction Plan

The plan for reducing elastomer damper test rig data involves calculation of
sensitivity to unbalance weights and of modal damping values and comparing

these values with predictions. The sensitivity, S, to unbalance weights is
defined as:

S =

Modal Response [Mils P—P] (23)

Unbalance Magnitude gram
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The sensitivity for a particular mode will, of course, depend on both the
location of the unbalance weight and the measurement probe. It is a valuable
piece of information in that it gives a good feeling of the amount of response
elicited by an unbalance weight and, therefore, of the difficulty to be ex-~
pected in balancing a particular mode (at that location).

Damping information was extracted from the test runs by making use of the
width of the resonance curve at the half-power points and also the rate

of change of the phase angle through the resonant speed. With the half-power
point method, the resonant speed, f,, (for a particular critical speed), is
located by finding the peak of the resonance curve at that speed and noting

the frequency at which it occurs. The half-power points are these two loca-
tions on the resonance curve where the amplitude is equal to the peak amplitude
divided by the square root of two. Af is then defined as the difference in
frequency between the two half-power points. With this information, the log
decrement, 6, may be found with the equation: '

Af
£ (24)

n

S xm

The second method takes advantage of the fact that the logarithmic decrement
is inversely proportional to the rate of change of the phase angle through the
resonant speed. Equation 25 expresses the relationship between the log decre-
ment, the resonant frequency, and the rate of change of phase through the
resonant speed:

_ 360
T /4oy f
\df n

(25)

where the frequency can be in any units and the phase angle is in degrees.
Using either equation, the quality or amplification factor, Q, may be cal-
culated with the equation:

i
Q=x3 (26)

C. Test Results

The initial or baseline balancing was done with polybutadiene dampers using
MTI's in-house COMMANDIM balancing program. Because the first critical speed
could not be initially negotiated, influence coefficients were first calculated
at 7,000 rpm for the first three correction weight runs. Correction weights
were only placed in the disc plane.

Influence coefficients were then calculated at 11,500 rpm and one additional
correction weight was installed. The next correction weight run calculated a

weight of 0.058 grams, which was too small to install.

The vibration level was low throughout the speed range, less than 25 microns
(.001 inch or 1 mil) peak to peak.

-32-




Test runs were made with unbalance weights in either the disc (plane 1 of
Figure 56) or in the shaft (plane 3 of Figure 56).

Table 14 shows the magnitudes of the unbalance weights used. In the disc,
four separate and distinct weights were used alternately in the same holes,
but the small hole size on the shaft required simultaneous use of from one

to four weights in adjacent holes to obtain the necessary unbalance. The
shaft unbalance weight shown in Table 14 is the equivalent weight that one
weight would have if only one hole were used (i.e., the vector sum of the un-
balance weights).

TABLE 14

SUMMARY OF WEIGHTS USED TO UNBALANCE
THE TEST RIG DISC AND SHAFT

Unbalance in Disc Unbalance in Shaft
(grams) (grams)
.2 .183
.3 .353
A .583
.5 .621

Figure 57 shows the installation of one of the shaft unbalance weights.  The
log of all the test runs is shown in Appendix C.

Table 15 shows the location of the first two forward whirling critical speeds
of the test rig with the two different damper materials. The critical speeds
are higher with the Viton damper than with the polybutadiene dampers. 1In
contrast to the design analysis, this indicates the Viton damper to be stiffer
than the polybutadiene. The most plausible explanation is the fact that
polybutadiene shear moduli used in the design (Equation 20) were based on
tests of a previous material batch. Moduli for the present batch, given in
Table 5, are only 60 percent of the values in Equation 20. Changes in carbon
black had, in fact, been made between batches.

TABLE 15
LOCATIONS OF CRITICAL SPEEDS FOR DIFFERENT ELASTOMER SUPPORTS

Elastomer First Critical Speed Second Critical Speed
Polybutadiene 10,200 20,500
Viton-70 12,050 24,000

Figures 58 through 61 show the rig's response to the unbalances introduced in
the different planes with the two different damper materials. Note that the
location of the critical speeds drops in frequency with increasing unbalance,
indicating a small strain-softening effect in the elastomer mounts, as observed
in elastomer component tests documented elsewhere in this report. At highest
strain, the drop in resonant frequency is approximately eight percent, in-
dicating at least sixteen percent loss in stiffness and probably more. Peak
amplitudes at the damper were approximately 10 to 20 microns (0.4 to 0.8 mils),
which means a dynamic strain of .003 to .007 in a 3.2 mm button. Figure 34
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indicates that such a strain could cause 9 to 32 percent loss in stiffness in
a compression specimen. Thus the test results for vibration control testing

of an elastomer damper are consistent with the earlier component test results
for strain effects.

The influence of unbalance weight on peak amplitude is shown in Figure 62. The
slopes, which are equal to the unbalance sensitivities, are approximately the
same for Viton and for polybutadiene in this application; this is a qualitative
discrepancy from the predicted behavior with these materials as presented in
Section VI. There is some reduction in sensitivity with increasing amplitude
which would be consistent with the increase in log decrement with increasing
strain observed in earlier sections. Table 16 compares the observed and pre-
dicted sensitivity to unbalance. In all cases the rotor is less sensitive

than predicted, indicating that the system damping achieved by the elastomer
dampers exceeds expectations of the present system dynamic model. Two reasons
are hypothesized. First, the computer model assumed purely radial stiffness
and damping, with no moment restraint. In fact, the elastomer cartridges and
double row ball bearings probably provide a considerable amount of moment
stiffness and damping in addition to the radial values. Second, the elastomers
ran at average temperatures of 27°C and 16°C at the disc and turbine end, re-
spectively, (as opposed to the design temperature of 50°C), contributing both
to greater stiffness and damping than was originally expected.

TABLE 16
SENSITIVITY OF TEST RIG TO UNBALANCE

Observed Predicted
Location of Sensitivity Sensitivity
Unbalance to Unbalance to Unbalance
Weight and microns P-P/mils P-P microns P-P /mils P-P
Elastomer Probe _gram / gram gram / gram
Polybutadiene Disc 259/10.2 917/36.1
Polybutadiene Shaft 84/3.3 1478/58.2
Viton-70 Disc 246/9.7 254/10.0
Viton-70 Shaft 69/2.7 297/11.7

Table 17 shows the calculated values of the log decrement for polybutadiene
and Viton using both the half-power point and the rate of change of slope
methods and the discrepancies between the two methods. The agreement was
generally good.

The average log decrements and Q values are shown in Table 18. The predicted
values for the logarithmic decrement 6 in mode two are: dpp1y = .057 and
Sviton = -298 (see Figures 36 and 37 and Table 6)

The repeatability of the test rig during acceleration and deceleration is
shown in Figure 63. This figure was obtained with the damper material
(polybutadiene) at approximately equilibrium temperature with 0.4 gram un-
balance in the disc. This plot is a good representation of the rig's repeat-
ability. The only significant deviations observed occurred when there were
large temperature differences in the elastomers between the initial run-up to
speed and the coast-down, which were avoided during testing by running the
rotor to speed at least once before a test sequence began.
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TABLE 17
MEASURED VALUES OF LOG DECREMENT FOR POLYBUTADIENE AND VITON

Unbalance 5 5 GS
Magnitude Weight hp Log Dec s Log Dec N
Material (grams) Location Critical (half-power) (phase) hp
Polybutadiene .2 Disc 1 426 442 1.038
.3 Disc 1 .485 .512 1.055
A Disc 1 .496 .507 1.023
.5 Disc 1 .531 .540 1.017
.183 Shaft 2 * * -
.353 Shaft 2 .272 .282 1.037
.583 Shaft 2 241 .246 1.022
.621 Shaft 2 .230 277 1.203
Viton .2 Disc 1 .935 .857 .917
.3 Disc 1 .859 .894 1.041
4 Disc 1 .831 .852 1.026
.5 Disc 1 .842 .814 .967
.183 Shaft 2 L852%% .526 .618
.353 Shaft 2 .715 .814 1.138
.583 Shaft 2 .605 .688 1.104
.621 Shaft 2 571 kA% -
Steel None - 1 171 - -
.2 Disc 1 .124

KX
~

Signal level too low
*#% Approximate values, could not reach second half-power points
#**Difficulty with taped data



_9€..

Material

Polybutadiene
Viton

Steel

TABLE 18
AVERAGE VALUES FOR LOG DECREMENT AND AMPLIFICATION FACTOR

Log Decrement Log Decrement
by Half-Power by Slope of
Point Phase
Critical Mean Std.Dev. Mean Std.Dev.

1 .485 .044 .500 042
2 .248 ‘ .022 .268 .020
1 .867 .047 .854 .033
2 .686 .127 .669 144
1 .148 - - -

Amplification Factor

Q

Half-Pwr.

6.48
12.7

3.62
4.58

21.3

Q

Phase

6.28
11.7

3.68
4.70



After the elastomer damper data were taken, solid steel blocks were substituted
in place of the elastomers. See Figure 52 for the pedestal with steel blocks
in place of the elastomer cartridges. With the steel blocks installed, the

rig had only one resonance in the speed range, at approximately 19,000 rpm,

and greatly increased response amplitude.

Figures 64 and 65 show response at disc and shaft, respectively, when an un-
balance weight is added to the disc. The data were not taped or digitally
acquired so the phase change is unknown, but the response appears to be non-
linear. The log decrement values are included in Tables 17 and 18, but confi-
dence in these numbers is limited because of the support nonlinearity. It was
noticed during these runs that the shaft was not as free to rotate with the
steel blocks installed as it was with the elastomer dampers. The increased
resistance is the result of a small amount of binding in the bearings caused
by misalignment of the pedestals and shaft. The relatively soft elastomer
mounts tolerated this misalignment but the stiff steel blocks could not.

Figure 66 shows the rig response with Viton dampers in the turbine end and steel
blocks at the disc end. This arrangement simulates the use of elastomeric sup-
ports at the cold end of a gas turbine power shaft. The response amplitude is
between the values observed with elastomers at both ends and with steel blocks
at both ends. Thus, there are damping benefits to be gained with elastomers

at the cold end only.

D. Frequency Spectrum and Shaft Orbits

The amplitude data for the plots in this section were handled in two distinct
ways. If the probe output was not taped, then the plots were made "on-line",
directly from the probe output, which was put through a tracking filter to
extract the synchronous component. Appendix C is a complete run log and shows
which runs were tape recorded. The tape recorded signals were analyzed by
feeding them into a spectrum analyzer and using the analyzer to create a
"peakhold" average spectrum for each run, which was plotted using a digital
plotter. This method is valid when the synchronous component of the signal

is larger, at all speeds, than any other signal component, so the analyzer

is effectively acting as a tracking filter. This was the case for the elasto-
mer rig, and two sample instantaneous spectra are shown in Figure 67. The
upper spectrum shows the frequency content of the disc probe and the lower
spectrum the content of a probe at the turbine. For both cases, the rotor
speed is 6,000 rpm, well away from the first critical speed where the synchron-
ous component is greatly amplified. The disc probe shows a large signal at
running speed and very little elsewhere. The turbine probe shows very low
vibration and, indeed, was not considered in the data analysis because of its
low amplitude for both modes. However, the output of this probe is interesting
because it shows very small peaks at multiples of running speed. These peaks
are the result of forced vibration due to the impact of the compressed air
jets on the machined '"buckets' of this impulse air turbine. Traces of these
spikes can be seen in the disc spectrum as well, but, at all frequencies, were
exceeded by the amplitude of the synchronous component.

Figure 68 shows the orbit of the disc at three different speeds: below, at and
above the first critical speed of the rig when a 0.5 gram unbalance weight was
installed in the disc (Plane 1 of Figure 56). Figure 69 shows the orbit of
the shaft center at three speeds which are below, at, and above the second
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critical speed. The unbalance for this case was 0.621 grams in the shaft
- (Plane 3 of Figure 56). The maximum amplitudes of the orbits for both fig-
ures are given in Table 19.

TABLE 19
SPEEDS AND MAXIMUM AMPLITUDE OF SHAFT ORBITS

Shaft Maximum
Probe Speed Amplitude
Location (rpm) (microns/mils p-p)
Disc 9,000 56/2.2
Disc 10,950 94/3.7
Disc 12,000 33/1.3
Shaft 21,000 51/2.0
Shaft 23,000 79/3.1
Shaft 26,500 46/1.8

These photographs are presented to illustrate the fact that the orbits are
essentially circular; therefore, the elastomer support can be considered
isotropic.

The small irregularities in the orbits are due to a phenomenon called "electri-
cal runout", in which small irregularities in surface finish or variations in
electrical conductivity of the rotor are seen by the inductive type displace-
ment pickup as if they were vibration signals. Since they are fixed to the
rotor surface, these small "ripples'" in the orbit make phase changes easily
visible. This is seen in Figure 69 where a small bump appears at the top of
the orbit in Figure 69a. In Figure 69b, the bump appears at some midway point
(apparently smaller since the orbit has enlarged but the "electrical runout"
signal has not). This bump appears at the bottom, in Figure 69c. These

correspond to speeds below, at and above the second critical speed, respectively.

Note also that a total phase change of about 180° has occurred while travers-
ing the resonance.

-38-




SECTION VIII
CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions From Performance Limits Tests

For polybutadiene over the range of frequencies, temperatures and strains
tested, the following conclusions are drawn. It should be noted that the
ranges of frequency and strain tested are likely to encompass the demands

of a large body of high~speed rotating machinery applications and that the
high temperature and strain values reach the likely capacity of the material
tested.

e Strain strongly influences component stiffness and damping

e Stiffness reduces by up to a factor of 3 over the range of
strains tested; loss coefficient increases by a factor of up
to 2.5.

e Strain has a stronger influence than frequency on the dynamic
characteristics.

e Variation of dynamic characteristics with strain as an inde-
pendent variable is more uniform than the variation with
frequency.

e Internal temperature rise does not alone cause the variation
in dynamic characteristics which is observed.

e Damage resulting from internal temperature rise could be caused
by high strain and should be accounted for in imposing limiting
operational amplitudes.

e Prediction of a previously developed thermo-viscoelastic analy-
sis which considers strain dependence due only to thermally in-
duced changes in internal properties does not predict the strong
observed strain dependence of stiffness and damping.

o The thermo-viscoelastic analysis provides a conservative predic-
tion of internal peak temperatures which can be satisfactorily used
in establishing amplitude limits.

B. Conclusjons From Design and Testing of an Elastomer Damper

Elastomer bearing mounts have successfully controlled synchronous whirl ampli-
tude for a flexible rotor which traverses two bending critical speeds. These
mounts were designed in the form of inexpensive, easily replaced cartridges
which allowed two elastomer types (representing high and low loss coefficient
types) to be tested. The cartridge mounting system also allowed solid steel
blocks to be substituted for the elastomers in order to create a hard-mounted
condition. It is to be noted that this evaluation of an elastomer damper was
pursued in parallel with the elastomer performance limits tests.

Balancing the test rig on elastomer dampers was straightforward and presented
no unique problems, and unbalance response was acceptably linear for the range
of conditions tested. The system damping provided by these elastomers was well
in excess of predictions. In addition, it was observed that elastomeric mounts
are tolerant of small misalignments.
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C.

Recommendations

Based on the preceding conclusions, the following recommendations are made:

—40-

Elastomer component design analysis should account for effects

of strain and temperature.

Both changes in dynamic characteristics and internal temperature
rise should be accounted for.

Elastomer material and component tests should be designed to
encompass the expected range of strains and temperatures.

Further component testing should be undertaken with different
materials to identify consistency with or deviations from pres-
ent conclusions.

Future component tests should investigate long-term performance
limits in a vibration environment.

The effect of other environmental factors on dynamic performance,
in particular, the presence of o0il and fuel, should be investigated.
The ability of elastomers to control vibrations in rig with sig-
nificant nonsynchronous components should be evaluated.

The rotor system dynamic model for the gas turbine dynamic simu-
lator should be modified to include angular support stiffness and
damping in an effort to reflect in the predictions the unex-
pectedly high level of system damping measured for the elastomeric
dampers.

Applications design and tests of elastomer dampers should be
performed; for example, in a helicopter gas turbine engine and

a cruise missile engine.




APPENDIX A
PROPERTIES OF POLYBUTADIENE MATERIAL NICHOLLS NEX 156G

Reproduced in part from a report by

Rubber and Plastics Research Association
of Great Britain, Author Paul Howgate

A. Introduction

This report covers work done at RAPRA to determine the following properties
of Nicholls NEX 156G Polybutadiene.

(a) Thermal conductivity 20°C to 100°C

(b) Coefficient of expansion 20°C to 90°C

(c) Specific heat 50°C to 100°C and Tg

(d) Tg by iterative determination for use in the "method of reduced
variables"

(e) Chemical analysis of Polymer, Black content, volatiles and non
volatiles

Each section of the work is reported in turn below.

B. Thermal Conductivity

Thermal conductivity over the temperature range 20°C (ambient) to 100°C was
determined using an apparatus developed by RAPRA. A full description of the
apparatus and the measurement technique is given in reference A-1.

The graph of thermal conductivity versus temperature, Figure A-1, is given
at the end of this report

C. Coefficient of Thermal Expansion

Coefficient of thermal expansion was measured by heating a strip sheet sample,

2" x 6", in a water bath over the range 20°C to 90°C. Three vertical and
three horizontal sets of lines were marked on the sample and the distance
between those lines measured at approximately 10°C intervals of temperature.
Graphs of change in length versus temperature were plotted and the best
straight line constructed through the points. Values of coefficient of ex-
pansion given by the following expression:

AL

coefficient of expansion = -——
pans % AT

where AL is the change in length for the corresponding change in temperature
AT; 2 is the original length between the marked lines

were evaluated for the six graphs. Each set of horizontal and vertical data

was averaged and the results are given below.

Coefficient of expansion Nicholls NEX 156G

"Horizontal" direction 2.4 x lO_5 per °C
"Vertical' direction 2.1 x 1075 per °C

~41-




estimated error,and typical scatter in the raw data provides an error figure
of + 4°C. Since the difference between the two directions is some 14 percent,
anistropy exists within the moulded sheet used. However, since no indication

of direction was given on the sheets supplied,no further conclusions can be
drawn.

D. Specific Heat and Tg

Specific heat over the temperature range 50°C to 100°C and the glass transition
temperature Tg were determined using the Perkin Elmer differential scanning
calorimeter. Details of the equipment and techniques of tests are given in
reference A-2. Values of specific heat are given in Figure A-2 at the end of
this report.

The glass transition temperature Tg proved too difficult to measure accurately
by this method. The inflections occurring at the four scan rates used were
too small and ill-defined to provide a sensible value for Tg. The best de-
fined transition occurred in the range 180°K to 270°K but further extrapola-
tion of this data is unwise. An explanation of this effect is given in the
discussion at the end of this report.

E. Ts by Iterative Determination

Ts the ''reference'" temperature is defined by the WLF equation:
Cl(T—Ts)

C2+T—Ts

(log)10 an = (A-1)

where Cl and C2 are constants

T 1is the temperature of test

Ts is the reference temperature

ap is the "shift factor" in Hz
This equation can be used to determine the shift of dynamic mechanical data
at a particular temperature to align with data at a different temperature to
produce a master curve of reduced frequency at a single temperature. Whilst
this method has been used with some success to provide data at frequencies a
few decades outside the testing range of a particular piece of equipment, the
main advantage is the convenient presentation of the data as a single curve of
any one parameter.

The iterative technique necessary to produce the shift factors and hence the
master curve has been outlined by a number of authors (refs. A-3, A-4, and A-5).
There are two basic methods of deriving shift factor values. Both require
dynamic mechanical data to be plotted versus frequency (strain rate) at

various temperatures, and a by eye shift of the graphs to align to a smooth
curve.

The first method then requires a guess to be made at Ts, usually based upon

knowledge of Tg, and the shift factor from Ts plotted versus temperature. A
graph of calculated shift factor from the equation,
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8.86 (T—TS) (A_z)

(108) 14 ¢ = ToT.6+1-Ts

is plotted versus temperature T and compared with the measured shift factor

curve, Ts is varied iteratively until a good fit between calculated and ob-
served is obtained.

The second method is more useful where high filler loadings are present (ref. A-5).
Ts is chosen either as in the first method or as some convenient temperature.
Shift factor from the data is again plotted and compared with calculated values
from the equation:

Cl(T~Ts)

10 %1t ~ C,+T-Ts

(log) (A-1)

where C] and Cy (and if necessary Ts) are evaluated for best fit by iterative
numerical techniques.

Data on the chemical analysis (see section F) showed the carbon black level
for Nicholls NEX 156G to be high and the first method did not provide an

adequate fit. The second method provided values of Cj, Cy and Ts for this
material as shown by the equation below:

7.48 (T-268.1) (A-3)
90.7+T-268.1

hence, Cy = 7.48, Cy = 90.7, and Ts = 268.1°K

(log)1g op =

Data presented in Figures A-3 and A-4 show logaT versus temperature, and
corrected complex modulus versus frequency at Ts.

The data was produced using RAPRA's Keelavite servohydraulic dynamic test
facility under the conditions set out below.

Dynamic test conditions Nicholls NEX 156G

Frequency range 0.003 Hz to 30 Hz

Control mode displacement

dynamic amplitude +0.05 compression strain

static prestrain +.15

temperature range +30°C to -30°C,approximately

structuring +0.1 20 cycles at 40°C before
commencement of testing

sample dimensions 2.54 cms diameter of 0.65 cms high

Modulus figures are dynamic shape factor corrected and transposed to reduce
values of Ts (ref. A-4)

F. Chemical Analysis

The chemical analysis of Nicholls NEX 156G involved four steps
(a) An acetone extraction of the '"volatile' materials giving the
percentage volatiles
(b) Infra-red spectrum analysis of the polymer pyrolisate to give

polymer type
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(c) Nitrogen furnace extraction of polymer and volatiles to give
percentage polymer content

(d) Muffle furnace extraction of carbon black to give percentage
of carbon black and residual ash (non-volatiles).

The percentage composition of Nicholls NEX 156G is given in the table below:

Polymer content 48.07%
Carbon black content 35.97%
Non volatiles 6.97%
Volatiles 9.27%

Polymer type identified as Polybutadiene.

G. Summary of Properties, Nicholls NEX 156G

Thermal conductivity average 20° to 100°C 0.25 W/mK _
Coefficient of thermal expansion average 2.2 x 10-5 per °C
Specific heat average 50°C to 100°C 1.58 J/gK
WLF equation values Cj 7.48

Coy 90.7

Tg 268.1

For dynamic characteristics refer to Figure A-4

Chemical analysis polymer type Polybutadiene
polymer content 48.0%
carbon black content 35.9%
non volatiles 6.9%
volatiles 9.27

H. Discussion

The problems encountered with measurement of Tg and the shift factor fit by
varying Ts alone are both symptomatic of a high black content material as
borne out by the chemical analysis. Thermal conductivity is high as is the
value of damping factor, tan &, in the rubbery region, also implying a high
black loading. These factors combine to produce a flattening of the classical
WLF equation curve versus temperature by virtue of the "diluting' effect of
carbon black on polymer mechanical properties. This diluting effect logically
shows up as a smoothing of the inflections of the calorimeter trace when de-
termining Tg and hence explains the difficulty experienced. The loggp Versus
temperature fit with the observed data is extremely good once the correct
values of Cy and C, are evaluated. The scatter produced on the dynamic data
by the method of reduced variables is quite small and certainly within toler-
ance for the method. RAPRA has found good correlation with data at high fre-
quencies (up to 10 KHz) obtained by this method and practice, for lightly
filled (up to 50 parts per hundred rubber(pphr) carbon black) elastomers. It
is therefore unwise to extrapolate these data for high tolerance applications.

Shift factor, or more correctly its derivative, does give additional infor-
mation relating to the temperature sensitivity of the material. A high deri-
vative shift factor expressed in degrees centigrade per decade of frequency
is an advantage in practical applications particularly where the shape of the
dynamic properties versus frequency curve 1is important. This parameter can
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be obtained from the slope of the log,. curve versus temperature. The lower
the slope (negative) the higher the temperature - frequency insensitivity.

From the thermal expansion data Nicholls NEX 156G appears to be prone to
moulding anistropy and hence the moulding technique for high tolerance
products should be chosen with care.

Assuming the volatiles content to be primarily oil, some reduction in the
amount of carbon black used (with a consequent cost increase) could be
achieved at the same stiffness level.

Dynamic strain dependency of properties has not been covered in this report
and whilst the effect is likely to be significant with this level of carbon
black its importance depends upon the ultimate application.
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APPENDIX B
TABULATION OF TEMPERATURE RESULTS
FOR INSTRUMENTED COMPRESSION SPECIMENS

Amplitude Number

Thermocouple Number

1 2 3 4 5 6 7 8 9 10 11

1 30.8 30.7 30.6 | 30.6 30.6 30.6{ 30.7 30.9 31.4 } 33.1 37.2

2 31.4 | 31.3 31.3 4 31.3 31.1 31.14 31.1 31.2 31.3 | 31.9 32.6

3 30.7 30.6 30.5] 30.5 30.5 30.51 30.7 30.9 31.3 {33.3 37.9

4 31.3 31.2 31.3 | 31.2 31.1 31.231.1 | 31.1 } 31.3 |31.8 32.6

5 30.6 30.6 | 30.4 1 30.3 30.4 30.5 | 30.6 30.7 31.3 {33.4 38.5

6 31.4 31.4 31.2 | 31.3 | 31.2 31.2 ¢ 31.1 31.3 31.4 | 32.0 32.8

7 31.0 30.9 30.9 | 30.9 31.0 31.3 4 31.6 32.5 34.0 143.5 58.5

8 31.0 30.9 30.8 1 31.1 | 31.2 32.0 1 32.7 34.6 37.9 |59.8 | 88.9

9 31.4 31.3 31.3 ] 31.3 31.4 31.8 | 32.1 33.0 34.7 45.4 61.0

10 30.3 30.2 30.3 ] 30.2 30.3 30.7 ] 31.1 32.6 34.9 [49.3 75.8
11 31.2 31.1 | 31.2{31.3 | 31.5 32.2 1 32.9 34.6 37.8 {58.0 { 89.5
12 30.6 30.6 30.6 | 30.7 30.9 31.5] 32.1 33.6 36.5 {53.7 77.7
13 31.3 31.3 31.3131.3 31.3 31.6} 31.9 32.5 33.7 140.9 | 50.9
14 30.7 30.6 30.6 | 30.8 31.0 | 31.6 ] 32.4 34.3 37.6 |58.0 82.8
15 30.8 30.7 30.6 | 30.7 30.9 31.3¢ 31.7 32.8 34.8 146.6 65.0
16 31.2 31.2 31.1 1 31.1 | 31.2 31.6{ 32.0 | 32.8 | 34.5 |44.4 | 56.9
17 30.9 30.9 30.9 | 31.1 | 31.2 32.114 33.0 35.0 38.6 161.3 | 93.4
18 30.5 30.5 30.4 } 30.6 30.9 31.7) 32.5 34.7 | 38.5 |61.7 93.3
19 23.2 23.2 23.0})23.1 § 23.1 ] '23.0] 23.0 | 23.5 | 24.0 124.1 | 23.5
20 30.7 30.7 30.6 | 30.9 31.1 31.7 ] 32.3 33.9 36.9 | 55.7 | 81.8

Table B-1 Recor&ed Temperature as a Function of Thermocouple No.

and Amplitude No.

initions).
= 170 Hz.

(see Figs. .7 and 8, Table 3 for def-

Instrument Compression Specimen, Frequency
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Amplitude Number

Thermocouple Number

1 2 3 4 5 6 7 8 9 10 11
1 31.2 31.2 31.4 31.5| 31.6 31.6 31.9 32.1] 32.6 39.8 | 47.0
2 31.5 31.6 31.9 31.94{ 32.0 32.1 | 32.2 32.3 32.4 } 32.5 33.6
3 31.0 | 31.1 31.2 31.3] 31.4 31.6 31.8 32.1} 32.5 40.0 | 47.3
4 31.5 31.7 31.8 31.9¢ 32.0 32.0 32.2 32.31( 32.4 32.4 33.6
5 30.9 31.0 | 31.1 31.3} 31.3 31.5 31.7 31.9) 32.5 40.2 | 47.7
6 31.6 | 31.5 31.8 31.94 32.1 | 32.1 32.2 32.31 32.5 32.6 33.7
7 31.3 31.4 31.5 31.71 31.9 32.4 32.9 33.84 35.7 51.6 | 67.2
8 31.1 | 31.3 31.5 31.8] 32.0 33.0 33.9 35.81} 39.5 68.4 95.9
"9 31.6 31.7 31.8 32.1) 32.3 | 32.8 33.3 34,21 36.1 | 50.2 | 64.2
10 30.4 30.5 30.8 31.1} 31.3 31.9 32.7 33.7] 36.6 | 60.0 ] 80.8
11 31.5 31.7 31.8 | 32.21} 32.5 33.4 34.3) 36.2 39.8 | 68.6 96.5
12 31.0 | 31.1 § 31.3 31.6| 31.7 32.4 33.1 34.5( 37.3 | 62.1 | 85.7
13 31.6 31.7 31.8 32.0] 32.2 32.6 33.0 33.8| 35.1 | 44.0 53.2
14 31.0 | 31.1 | 31.4 31.7§ 31.9 33.0 34.0 35.9] 39.8 66.3 90.6
15 31.2 31.3 31.5 31.71 31.9 32.5 33.0 34.31 36.6 56.0} 73.6
16 31.4 31.6 31.7 32.0] 32.1 32.7 33.2 34.21 36.1 | 48.5 60.3
17 31.3 | 31.4 31.6 32.1( 32.4 33.5 34.5 36.81 41.0 71.9 ] 102.2
18 31.0 31.1 | 31.4 31.7} 32.0 33.2 34.2 36.41 40.7 71.4 1101.4
19 23.7 23.7 23.6 23.8] 23.8 | 23.8 | 23.8§ 23.7( 23.7 23.2 23.1
20 31.3 | 31.4 31.6 32.01 32.1 1 32.9 33.6 35.1] 38.1 | 63.6 87.4

Table B-2 Recorded Temperature as a Function of Thermocouple No.
and Amplitude No. (see Figs. 7 and 8, Table 3 for def-
initions). Instrument Compression Specimen, Frequency
= 200 Hz.




Amplitude Number

Thermocouple Number

1 2 3 4 5 6 7 8 9 10 11
1 32.3 32.2 32.3 {32.3 32.3 32.4 1 32.6 32.9 33.5 46.4 50.7
2 32.8 32.9 32.9 1 32.9 32.9 32.8 | 32.9 33.0 33.0 33.3 34.4
3 32.2 32.2 32.2 | 32.3 32.3 32.3 ] 32.5 32.9 33.5 46.5 51.2
4 32.8 32.8 32.9 {32.9 32.8 32.8 {32.8 32.9 33.0 33.3 34.3
5 32.1 32.1 32.1 | 32.1 32.2 32.3]32.5 32.9 33.4 46.7 51.3
6 32.8 | 32.9 32.9 | 32.9 32.9 32.9 ] 33.0 32.9 33.1 33.4 34.6
7 32.5 32.5 32.6 | 32.7 32.8 33.4 ] 34.0 35.3 37.5 58.9 74.3
8 32.4 32.4 32.5(32.9 33.1 34.4 | 35.6 38.4 43.0 75.6 | 108.6
9 32.8 32.9 32.9 | 33.1 33.3 33.9 | 34.5 35.9 38.1 53.8 70.6
10 31.6 31.9 31.8 | 32.1 32.2 33.1} 33.8 35.6 38.7 65.2 88.9
11 32.7 32.7 32.8 | 33.2 33.5 34.7 (1 35.7 38.2 42.3 75.11107.8
12 32.1 32.2 32.2 1 32.6 32.7 33.6 | 34.5 36.5 39.7 68.4 93.5
13 32.8 32.8 32.9 | 33.0 33.1 33.5] 33.8 34.7 36.0 | 46.1 | 56.6
14 32.2 32.2 32.3 | 32.7 32.9 34,01 35.1 37.6 41.4 73.1 | 100.8
15 32.3 32.3 32.5132.6 32.8 33.4 | 34.1 35.5 37.9 63.0 81.1
16 32.7 32.7 32.8 {32.9 33.1 33.6 | 34.1 35.3 37.2 51.7 65.4
17 32.5 32.5 32.7 | 33.0 33.3 34.7 | 36.0 38.9 43.5 80.4 1 116.8
18 32.2 32.2 32.3132.7 33.0 34.4 | 35.6 38.7 43.4 79.4 ] 115.9
19 23.9 24.1 24.1 ] 24,1 24,2 24,1 ] 24.2 24,2 24,1 22.9 23.7
20 32.5 32.5 32.6 | 32.8 33.1 34.1135.1 37.4 41.0 69.6 99.5

Table B-3 Recorded Temperature as a Function of Thermocouple No.
and Amplitude No. (see Figs. 7 and 8, Table 3 for def-
initions). Instrument Compression Specimen, Frequency

= 250 Hz.
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Amplitude Number

Thermocouple Number
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1 2 3 4 5 6 7 8 9 10 11
1 32.8 32.5 32.31 32.2 32.2 32.31 32.5 32.8 33.3150.3 54.2
2 32.9 32.9 32.8 ] 32.8 32.7 32.7| 32.7 32.7 32.8 | 34.2 35.3
3 32.6 32.3 32.3] 32.2 32.2 32.21 32.4 32.8 33.3 150.4 54.5
4 32.9 32.8 32.8 1 32.8 32.6 32.6 | 32.6 32.6 32.6 | 34.2 35.2
5 32.5 32.3 32,11 32.1 32.1 32.1 32.4 32.7 33.2 | 50.6 55.0
6 32.9 { 32.9 32.8 | 32.8 32.8 32.7( 32.7 32.8 32.8 { 34.4 35.6
7 32.9 32.6 32.6 | 32.7 32.8 33.44 34.2 35.6 38.2 | 64.7 | 82.6
8 32.6 32.5 32.5 | 33.0 33.3 34.6 ] 36.1 39.3 44.6 185.0 [125.1
9 32.9 32.9 32.9 | 33.1 33.2 33.9] 34.6 36.1 38.8 | 58.7 79.0
10 32.0 31.6 31.7 | 32.0 32.4 33.01 33.9 36.0 39.4 170.8 96.3
11 32.9 32.8 32.8 | 33.2 33.6 34.81 36.0 38,8 | 43.5[82.4 {119.2
12 32.5 32.3 32.2 1 32.6 32.8 33.6 | 34.6 36.6 40.3172.6 96.7
13 32.9 32.9 32.8 | 33.0 33.1 33.4{ 33.7 34,6 36.1 { 47.9 58.3
14 32.4 32.2 32.2 1 32.7 33.0 34,14 35.2 37.9 42.3179.1 |108.5
15 32.6 32.4 32.4 ] 32.6 32.8 33.4 | 34.1 35.7 38.3167.9 87.0
16 32.8 32.6 32.7 | 32.9 33.0 33.6| 34.1 35.3 37.5154.8 69.4
17 32.7 32.6 32.6 ¢ 33.0 33.5 34.91 36.3 39.5 44.9 | 88.9 ]130.5
18 32.3 32.3 32.3| 32.8 33.2 34.6 1 36.0 39.3 | 44.8 188.0 {129.9
19 24,1 24.1 24.01 24.0 24.0 23.8| 23.7 23.6 23.6 | 24.0 23.6
20 32.6 32.5 32.6 1 32.9 33.2 34,31 35.4 38.0 42,4 179.1 (117.0

Table B-4 Recorded Temperature as a Function of Thermocouple No.

and Amplitude No. (see Figs. 7 and 8, Table 3 for def-

initions). Instrument Compression Specimen, Frequency

= 300 Hz.




Thermocouple Number

Amplitude Number

1 2 3 4 5 6 7 8 9 10 11
1 31.3 31.3 31.2 | 31.1 31.2 31.4 31.6 | 31.8 32.4 }54.0 54.9
2 31.9 31.9 31.8 | 31.7 31.7 31.6 31.7 | 31.7 31.8 (34.8 35.6
3 31.2 § 31.2 | 31.1|31.0 | 31.1 | 31.2 | 31.4( 31.7 | 32.5 |54.1 55.3
4 31.9 31.8 31.8 | 31.7 31.7 31.6 31.7 | 31.7 31.8 |34.7 35.7
5 31.2 31.1 31.0 | 31.0 31.0 31.2 31.4 | 31.7 32.5 {54.1 56.0
6 32.0 31.9 31.8 {31.8 31.8 31.7 31.6 | 31.8 32.0 }35.0 36.0
7 31.5 31.5 31.5 | 31.6 31.8 32.6 33.2 | 34.9 37.9 {68.9 80.7
8 31.4 31.4 31.5 1 32.0 32.3 34.0 35.4 4 39.0 45.4 190.3 96.6
9 31.9 31.9 31.9 ] 32.1 32.2 33.1 33.8 | 35.5 38.7 |61.5 62.8
10 130.8 | 30.7 | 30.7 [31.1 | 31.3 | 32.4| 33.3]35.6 | 39.4 [73.6 | 65.4
11 31.8 | 31.7 { 31.8 (32.2 | 32,5 | 34.1| 35.3) 38.4 | 43.8 |86.3 68.8
12 31.2 31.2 31.2 | 31.5 31.8 32.9 33.8 ¢ 36.1 39.9 |75.1 59.0
13 31.9 { 31.8 | 31.8 {31.9 | 32.0 | 32.5| 32.94 33.8 | 35.3 {48.9 41.4
14 31.3 31.1 31.2 | 31.6 31.9 33.3 34.5 | 37.4 42.4 183.0 56.7
15 31.4 31.3 31.3 | 31.5 31.6 32.5 33.2 ] 35.0 38.0 |71.8 57.5
16 31.8 | 31.7 | 31.7 {31.9 | 32.0 | 32.6| 33.2] 34.7 | 37.0 [56.8 42,2
17 31.5 31.5 31.6 | 32.1 32.5 34,2 35.61{ 39.2 45.4 194.9 54.6
18 31.1 31.1 31.2 §31.7 32.1 33.8 35.3§ 39.0 45.4 |94.0 51.1
19 23.3 23.3 23.2 123.3 23.2 23.2 23.21 23.3 23.2 (23.2 22.9
20 31.5 31.5 31.6 | 31.9 32.3 33.6 34.71 37.6 42.9 184.8 45.0
Table B-5 Recorded Temperature as a Function of Thermocouple No.

and Amplitude No.

initions).
= 325 Hz.

(see Figs. 7 and
Instrument Compression

8, Table 3 for def-
Specimen, Frequency
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Thermocouple Number

Amplitude Number

1 2 3 4 5 6 7 9 10 11
1 51.0
2 34.9
3 23.4 1 23.4 | 23.9 | 24.2| 24.5 | 24. 24, 23.8 | 51.0
4 30.5( 30.7 | 31.1| 31.5| 31.9 | 32. 33. 34.2 | 35.0
5 51.4
6 A 35.4
7 30.6{ 30.8 | 31.3 | 31.9| 32.6 | 33. 35. 41.5 | 69.0
8 30.3} 30.5 | 31.1 | 32.1{ 33.0 | 35. 38. 50.0 | 97.8
9 30.6 | 30.9 | 31.4 | 32.1| 32.7 | 34. 36. 42.2 | 65.3

10 29.9( 30.2 | 30.4 | 31.4| 32.1 | 34. 36. 44.4. | 67.3

11 78.6

12 30.4 | 30.7 | 31.2 | 32.0]| 32.6 | 34. 36. 44.8 | 63.9

13 30.7 [ 31.0 | 31.4 | 32.1| 32.6 | 33. 35. 39.8 | 45.0

14 30.11 30.5 | 31.1{ 32.1| 32.9 | 35. 37. 48.7 | 87.4

15 72.2

16 59.4

17 112.0

18 30.3{ 30.6 | 31.2 | 32.5| 33.3 | 36. 39. 52.0 [115.5

19 23.1

20 30.6 | 30.9 | 31.4 | 32.3| 33.1 | 35. 37. 46.9 [110.9

Table B-6 Recorded Temperature as a Function of Thermocouple No.
and Amplitude No. (see Figs. 7 and 8, Table 3 for def-
initions). Instrument Compression Specimen, Frequency

= 400 Hz.




Thermocouple Number

Amplitude Number

1 2 3 4 5 6 7 8 9 10 11
1 35.01 33.6 33.0 | 32.7% 32.7 32.8 33.2 1 33.6 34.6 52.1
2 33.2{ 33.0 32.9 33.0| 33.0 33.0 33.1§ 33.2 33.4 35.7
3 34.8] 33.4 32.9 32.7] 32.6 32.8 1 33.14 33.6 | 34.7 52.4
4 33.1} 33.0 32.9 32.9¢ 32.9 33.0 33.0[ 33.1 33.3 35.6
5 34,54 33.3 | 32.8 32.6| 32.6 32.6 33.11¢ 33.6 34,8 | 52.5
6 33.1) 33.0 | 33.0 33.0} 33.0 33.0 33.1} 33.1 33.4 35.9
7 34.61 33.5 33.1 33.3¢ 33.5 34.5 35.4 | 37.6 | 41.7 70.8
8 33.7{ 33.1 32.9 33.6} 34.0 36.3 38.31 42.9 51.4 | 83.8
9 33.4| 33.1 | 33.1 33.5| 33.7 34.9 35.8 1| 38.2 42.2 56.6
10 32.7| 32.3 | 32.1| 32.7{ 33.0 | 34.5| 35.9{ 39.0 | 44.6 | 64.0
11 34.01 33.4 33.3 34.0] 34.4 36.6 38.414 42.8 | 50.4 66.2
12 34.0) 33.2 32.9 33.27 33.5 35.1| 36.4| 39.6 | 44.8 | 60.1
13 33.3] 33.1 33.1 33.3| 33.5 34.2 34.9( 36.5 39.0 42.7
14 33.3] 32.8 32.7 33.2| 33.5 35.4 36.9| 41.0 | 47.8 { 54.9
15 34,21 33.0 33.0 33.3| 33.5 34.7 35.81 38.4 42.8 } 54.6
16 33.2} 33.2 33.0 33.3| 33.5 34.5 35.5} 37.6 41.2 41.7
17 33.8]| 32.9 33.2 33.9] 34.3 36.8 38.8| 43.9 | 52.2 51.0
18 33.3| 32.8 32.8 33.6} 34.0 36.5 38.5] 43.6 52.0 | 47.9
19 25.11 25.1 | 25.1 | 25.0{ 25.1 | 25.1} 25.1] 25.1 | 25.1 23.7
20 33.21 33.3 32.8 33.4] 33.8 35.4 36.9| 40.5 47.1 1 42.4
Table B-7 Recorded Temperature as a Function of Thermocouple No.

and Amplitude No.

initions).
= 450 Hz.

(see Figs.

7 and

Instrument Compression

8, Table 3 for def-
Specimen, Frequency
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Amplitude Number

Thermocouple Number

1 2 3 4 5 6 7 8 9 10
1
2
3 246,54 24.4 | 24.2 | 24.0| 23.9 | 23.8| 23.6 24,3
4 34.7( 34.6 | 34.5 | 34.5| 34.4 | 34.4 | 34.5 35.4
5
6
7 34.4 ) 34.3 | 34.4 | 34.6| 34.9 | 35.9| 37.0 44,5
8 33.91 33.9 | 34.0 | 34.7] 35.4 | 37.8| 40.1 54.2
9 34.6| 34.6 | 34.7 | 35.0] 35.4 | 36.5| 37.6 44 .5
10 32.9| 32.7 | 32.7 | 33.2| 33.4 | 35.1| 36.6 45.9
11
12 34.0( 33.9 | 33 34.4] 34.6 | 36.2 | 37.7 46.3
13 34,81 34.8 | 34.8 | 34.9| 35.1 | 35.9| 36.6 41.3
14 33.6( 33.6 | 33.7 | 34.4| 34.8 | 36.9 | 38.8 49.8
15
16
17
18 33.9| 33.9 | 34.1| 34.9{ 35.5 | 37.9| 40.3 53.3
19
20 34.6{ 34.5 | 34.6 | 35.1| 35.5 | 37.3| 39.0 49.5

Table B-8 Recorded Temperature as a Function of Thermocouple No.
and Amplitude No. (see Figs. 7 and 8, Table 3 for def-
initions). Instrument Compression Specimen, Frequency
= 500 Hz.




Thermocouple Number

Amplitude Number

1 2 3 4 5 6 7 8 10 11
1 31.5431.2 | 31.1 | 31.0] 31.1| 31.4 | 32.0 ] 32.7
2 31.7 | 31.6 | 31.6 | 31.4| 31.6| 31.8 [ 31.9 | 32.0
3 31.4 | 31.1 | 30.9 | 30.9| 31.0} 31.3 | 32.0} 32.6
4 31.6 | 31.5 | 31.4 | 31.4| 31.5| 31.8 | 31.9 | 32.0
5 31.3 | 31.0 | 30.8 | 30.8} 30.9| 31.3 | 32.0| 32.8
6 31.6 { 31.6 | 31.6 | 31.4{ 31.6} 31.9 | 31.9} 32.0
7 31.6 | 31.3 | 31.3 | 31.7 32.21433.9 | 35.6 { 38.8
8 31.3 1 31.2 | 31.3 | 32.4| 33.4| 38.0 § 41.7 | 49.5
9 31.6 | 31.6 | 31.7 32.2 1 32.6] 35.0 | 36.6 | 40.4
10 30.6 §30.7 | 30.7 31.4 ) 31.9) 34.4 36.2 | 39.8
11 31.5 1 31.6 | 31.6 { 32.5| 33.3]| 36.7 39.2 ) 44.3
12 31.2 1 31.1 | 31.1 | 31.6{ 32.0] 33.6 | 35.0 { 38.6
13 31.6 [31.6 | 31.6 { 31.8 | 31.91| 32.9 { 33.4{ 34.8
14 31.1 | 31.0 | 31.2 | 31.8 | 32.31] 34.4 | 35.9 | 41.1
15 31.3 | 31.2 } 31.2 } 31.5| 31.9433.2 | 34.4 | 37.5
16 31.5 | 31.4 31.5 | 31.7{ 32.1] 33.2 } 34.0 | 36.4
17 31.4 131.4 | 31.4 | 32.4{ 33.2{36.1 | 38.5 | 45.4
18 31.0 | 31.0 } 31.1 | 32.2 ) 33.035.9 | 38.2 | 45.5
19 23.1 123.0 | 23.0 | 23.4 | 24.2|23.6 | 23.3 | 23.3
20 31.3 {31.3 | 31.4 | 32.3 | 33.1]36.9 | 40.0 | 48.3
Table B-9 Recorded Temperature as a Function of Thermocouple No.

and Amplitude No.

initions).

= 550 Hz.

(see TFigs.
Instrument Compression Specimen, Frequency

7 and 8, Table 3 for def-
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Amplitude Number

Thermocouple Number

1 2 3 4 5 6 7 8 9 10 11
1 31.5| 31.4 31.5 31.7] 32.0 32.5{33.3 33.9 34.1
2 31.84 31.7 31.8 32.1) 32.3 32.4 1 32.7 33.0 33.2
3 31.4] 31.3 31.4 31.7} 32.0 32.4 | 33.3 34.0 34.2
4 31.8} 31.3 31.8 32.01 32.2 32.4 1 32.6 32.9 33.2
5 31.3} 31.3 31.4 31.6 32.0 32.5 | 33.2 33.9 34.3
6 31.8 | 31.7 31.9 32.1 32.2 32.532.7 33.0 33.2
7 31.6| 31.5 31.8 32.5} 33.1 35.2136.8 39.1 43.1
8 31.4 1 31.5 31.8 33.3| 34.4 38.7 | 41.4 45.8 55.2
9 31.9 31.8 32.0 32.81 33.5 35.6 | 37.0 39.1 43.7
10 31.0| 31.0 31.4 32.5] 33.3 36.0 | 38.0 41.2 48.0
11 31.8| 31.6 32.2 33.5| 34.6 38.6 | 41.1 45.8 55.1
12 31.3) 31.3 31.7 32.51 33.2 35.6 | 37.6 42.1 49.3
13 31.8 31.7 32.0 32.6 33.0 34.3 } 35.3 37.7 41.4
14 31.1§ 31.1 31.5 32.6| 33.4 35.7 | 38.4 44,5 53.0
15 31.5{ 31.4 31.7 32.5( 33.1 34,6 | 36.5 40.4 45,7
16 31.7 | 31.6 31.9 32.51} 33.0 34.4 }135.8 39.2 43.9
17 31.6 | 31.6 32.0 33.3| 34.3 37.2 140.1 47.5 57.5
18 31.3 31.3 31.7 33.14 34.0 36.9 139.6 47.2 57.3
19 25.21 25.2 25.2 25.3] 25.4 25.2 125.2 25.1 25.1
20 31.5 1| 31.5 31.9 32.94 33.7 36.2 }38.1 42.6 49.6
Table B-10 Recorded Temperature as a Function of Thermocouple No.

and Amplitude No. (see Figs. 7 and 8, Table 3 for def-
initions). Instrument Compression Specimen, Frequency
= 600 Hz.




APPENDIX C

RUN LOG - TEST OF ELASTOMER MOUNTED ROTOR

Run # Unbalance

Pl N.A.*

P2 N.A.

P3 N.A.

P4 N.A.

P5 N.A.

P6 N.A.

P7 N.A.

P8 N.A.

P9 N.A.

P10 N.A.

P11l N.A.

P12 N.A.

P13 N.A.

P14 .2 gm at 0°, plane
P15 .3 gm at 0°, plane
P16 .4 gm at 0°, plane
P17 .5 gm at 0°, plane

Comments

First run, no tape, plots or balance
attempt.

Probes 1 and 7 plotted at 7,500 rpm
got high vibration.

Balance run at 7,000 rpm, plane 1; .8,
1.5, .34 gm wts in holes 11, 12, 13
calculated.

P3 weights in; plotted probes 1 and 7.

Balance run at 7,000 rpm; .275 gm in
hole 7, plane 1.

P5 weights in; plotted probes 1 and 7.

Balance run at 7,000 rpm; .20 gm hole
5, plane 1.

P7 weights in; plotted probes 1 and 7.

Installed larger vacuum pump; run to
23,157 rpm.

Balance run at ll,SOO rpm; .172 gm
hole 34, plane 1.

P10 weights in; balance run at 11,500
rpm; calculated weight of .058 gm

plane 1, too small to install.

P10 weights in; plotted probes 1 and
7; ran to 23,073 rpm.

Official base case (taped).

Maximum speed = 22,230 rpm.

Maximum speed 22,274 rpm.

*Not Available
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RUN LOG - TEST OF ELASTOMER MOUNTED ROTOR (Cont'd)

Run_# Unbalance Comments
P18 .19 gm at hole 11, Very little response.
plane 3.
P19 .19 gm at hole 11, Maximum speed = 21,645 rpm.

plane 3. .20 gm at
hole 11, plane 4

P20 Same as P19 Air leak repaired
P21 .19 gm at holes 11 & Maximum speed = 24,162 rpm

12, plane 3. .20 & .19
gm at holes 11 & 12,

plane 4

P22 N.A. Base Case rerun n = 24,518 rpm
max

P23 .1873, .183, .1821, N 23,400 rpm

.1921 gm at holes 11,

12, 1, 2, plane 3
P24 .1873, .183, .1821 gm 0w 22,250 rpm

at holes 11, 12, 1,

plane 3
P25 .183, .1821 gm at no " 22,600 rpm

holes 12 and 1, plane 3 ax
P26 .183 gm at hole 12, n = 22,730 rpm

max
plane 3
o —
P27 .2 gm at 0°, plane 1 nooe s 22,600 rpm
[o] —
P28 .3 gm at 0°, plane 1 0w s 22,700 rpm
V1 N.A. n = 24,000 rpm, base case
max

V2 .2 gm at 0°, plane 1
V3 .3 gm at 0°, plane 1
V4 .4 gm at 0°, plane 1 Amp set wrong, not taped
V5 .5 gm at 0°, plane 1 Amp set wrong, not taped

V5! Same as VS

V4! Same as V4
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Run #
V6

v7

V8

V9

V10

Vil

V12

V13

S1

S2

S3
S4
SS1

VS1

VS2
VS3

VS4

RUN LOG - TEST OF ELASTOMER MOUNTED ROTOR (Cont'd)

Unbalance
N.A.

.1873 gm at hole 11,
plane 3

.1873, .183 gm at
holes 11 and 12,
plane 3

.1873, .183, .1826
gm at holes 11, 12,
and 1, plane 3

.1873, .183, .1826,
.1921 gm at holes 11,

12, 1, and 2, plane 3

.5 gm at 0°, plane 1

.1873, .183, .1821,

.1921 gm at holes 11,

12, 1, 2, plane 3
N.A.

N.A.
N.A.

.2 gm at 0°, plane 1
.4 gm at 0°, plane 1

N.A.

.4 gm at 0°, plane 1

.2 gm at 0°, plane 1

Comments

n = 24,000 rpm, base case
max
o= 24,475 rpm
o= 24,450 rpm
n - 24,700 rpm

max
Not taped

Viton dampers reinstalled in different
locations this run to warm them.

n = 27,350 rpm this run after steel
max
block runs.

Base case. n = 27,200 rpm
max

Base case blocks loosened.

n = 22,900 rpm.

max

Base case blocks loosened.

n = 25,000 rpm.
max

n 23,500 rpm, past 2 criticals.

max
Past 2 criticals.

Could not pass critical.

Viton in turbine end. Steel in disk
end.

Repeat of run VSI1.
Could not pass critical.

Passed thru one critical.
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Fig.

2

View of Shake-Table-Mounted Elastomer Test Rig
with Preload Cylinder and Small Mass
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Fig. 4 Test Assembly of Four Elastomer Shear Specimens,
Each 2.54 Centimeters (1.0 in.) High
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Fig. 6 Location of Accelerometers and Thermocouples External
to the Elastomer in the Instrumented Compression Test
Specimen
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Temperature Instrumented Compression
Specimen Test Results, 32°C.
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ison of Predicted and Measured Results, Shear Specimen.
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Fig. 50 Detail View of Elastomer Cartridge During Assembly
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Elastomer

Damper Rig, Pedestals, and Bearing Housing
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Fig. 52

Partially Assembled Disc, Bearing Housing
and Pedestal
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Side View of Assembled Test Rig
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Fig. 54

Front View of Assembled Test Rig
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Close-up of Turbine in Bearing Housing Showing Elastomer

Cartridges at 12 noon and 4:00 Positions
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Fig. 57 Installation of Unbalance Weight on the Test Rig Shaft
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