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INTRODUCTION

ORIGIN OF THE PROBLEM

Existing specifications used in vibration testing are based on enve-
lopes of many points of fixed frequency and vibration amplitude measured
at specific points in aircraft. In addition these specifications are to
some extent written to be compatible with the two common types of vibra-
tion test machines, the reaction or constant-displacement type and the
electromagnetic or constant-acceleration type. Thus the "envelope™ of
the measured vibration amplitudes is drawn in such a manner as to have a
constant displacement from 3 to 60 cycles per second, the range of the
reaction type of vibration test machine, and a constant acceleration from
60 cycles per second and higher, the range of the electromagnetic type of
vibration test machine. The total time of testing required by this type
of specification may amount to as long as 3 hours, inasmuch as continuous
cycling between the lower and upper frequency limits at a slow rate or
vibration at the resonant frequency of the component is specified.

Obviously, missile components designed for flights in the order of
minutes will be unnecessarily penalized by tests which are longer than
this duration. Increasing the cycling rate does not adequately solve this
problem, since adequate time must be provided at each frequency for the
resonant amplitude to increase to a maximum in the vibrating system. The
ideal test requirements would be to subject the component under consider-
ation to an exact reproduction of the flight vibratory conditions. Con-
siderable work has been done by various missile manufacturers along this
line. Specifically, the vibration environment has been recorded on magne-

tic tape, and then this tape has been used to drive an electromagnetic
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vibration exciter. Thus, depending upon the fidelity of the reproduction,
the component®s performance may be examined under the Fflight vibratory
conditions. These tests have been used as proof tests of component per-
formance only, with very little emphasis on the comparison of the theore-
tical and measured response of the vibration isolated systems. The design
of vibration-isolating or shock-absorbing systems, however, is made pri-
marily on the basis of the performance of the systems when subjected to
simple vibration over a wide frequency range. The problem is then to
predict the vibration response characteristics of the vibration isolated

system when subjected to complex vibration composed of many frequencies.

PURPOSE OF INVESTIGATION

The purpose of this investigation was to confirm the principle of
superposition for a linear system when excited by periodic motion composed
of two frequencies and to determine if the behavior of two types of com-
mercial vibration mounts when subjected to this same type of excitation

was predictable from simple vibration amplification data.

ORGANIZATION OF THE INVESTIGATION

The major phases of this investigation were first the determination
of the amplification curves of the linear-spring system and the vibration-
mount system when subjected to simple harmonic motion, and second the
determination of the response of both the linear-spring system and the
vibration-mount system to biharmonic vibration, periodic motion of two
harmonic frequencies.

Selection of the method and equipment used for this investigation was

made with the primary idea of achieving a system which would be both accurate
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and easily operable. Conversion of the vibration amplitudes into voltages
to permit accurate, continuous recording was the method selected. The
best available instrument for conversion of mechanical vibration into vol-
tages is the accelerometer. The electrical output of an accelerometer is
proportional to its acceleration, whereas, amplification curves are gener-
ally determined at constant input vibration displacement. Acceleration is
the second derivitive of displacement with respect to time.”~ Hence, the
voltage proportional to the vibration acceleration was electrically double
integrated for displacement throughout the investigation. Since the vibra-
tion exciter used was necessarily of the electrodynamic type, which has the
characteristic of an essentially constant-acceleration output with varying
frequency, a constant amplitude would be difficult to maintain without a
displacement signal. Optical measurement of the amplitude is not only
extremely tedious but would be of dubious value for the part of the inves-

tigation which involved biharmonic vibration.

 "Thomson, W. T., Mechanical Vibrations. McGraw-Hill, New York, 1947,

p. %






PRELIMINARY [INVESTIGATION
LITERATURE SURVEY
A search of published technical literature was made, and no previous
work of this type was found. The "Industrial Arts Index" for the years
194-0 through 1954 was thoroughly searched for published articles describing
work of this type. In addition the "Shock and Vibration Bulletins'" for the
22 Shock and Vibration Symposiums held under the auspices of the Department

of Defense were reviewed without results.

PRESENT WORK ELSEWHERE

Known work elsewhere centers on the development of electromagnetic-
vibration systems which will allow the use of a magnetic tape or a "white"
noise generator and tuneable filters for an input. These systems have
been used mostly for exploratory design approval on electronic components.
Various missile contractors have reported the use of such systems in clas-
sified publications, tut the only published application of such systems

seems to be on performance tests of components.

THEORY
Referring to Fig, 1, the equation of motion of this simple system may

be written as:

k(y-x) -b(y-x). @

FIGURE 1. SIMPLE SYSTEM






In equation (1) one dot indicates the first derivitive with respect to

time, two dots indicates the second derivitive with respect to time and

m the mass,

b

the damping coefficient,

k = the spring constant,

X displacement of the base,

y displacement of the mass.

Assuming the motion of the base to be harmonic and equal to

X sinort @)

X

where X the maximum displacement,

a = the circular frequency,

then X X @ coscot. (€))
The equation of motion becomes

my + by + ky = +bcoXcoscot + kXsino>t u)

which reduces to

my + by + ky = X + b4?~ sin(o)t+T) ()
where t = tan"" bco.
k

The solution of this equation is

©)
\! (k-*n<02)2+<*2b?

where

™

The maximum value of y without regard to time is

®)

and since






an = V k/m = natural frequency of undamped vibration,
r = b/bc = damping factor,
where bc = 2mMgn = critical damping coefficient

then
y - X VI+Q@r o/coH ; (©)
fl-@/am) L +(2r »/“n'2
The amplification of the system i3 then

~ 1+ (2r co/ainH
X v~ - @/A[in)2]2 + @r

The curve for y/x for r = 0.1$% is shown in Pig. 2.

FIGURE 2. AMPLIFICATION CURVE






PRELIMINARY ANALYSIS AND DESIGN
TEST SPECIMEN
The limitations of the vibration exciter dictated that the test spe-
cimen weigh less than 10 pounds, and that the natural frequency of the
system must be in the range of A0 to 200 cycles per second.
The vibration mounts selected were in the highest load capacity com-
monly used for electronic apparatus. The particular vibration mounts U3ed

in this investigation were Barry type 990-30 and 3arry type 780-35G. See

Figs. 3 and A.

FIGURE 3. BARRY TYPE 990-30 VIBRATION MOUNT

FIGURE A. BARRY TYPE 780-3$%$G VIBRATION MOUNT
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Manufacturer’s specifications and pertinent dimensions are listed in table

1.
TABLE 1. VIBRATION-MOUNT DATA
Barry type Barry type
990-30 780-356G
Load range, Ibs 20-30 22_35
Maximum allowable travel, in. 5/16 iA
Spring element rubber helical conical
spring
Damping element hysterisis air flow through
of rubber orifice

Figure 5 shows the static load-deflection characteristics of the 990-
30 and 780-35G vibration mounts. From this figure, nominal static spring
constants of 187 and 14.7 pounds/inch were estimated for the 990-30 and
780-35G vibration mounts, respectively. These two nominal static spring
constants were estimated in the region of the neutral point which was the
point to which the mounts were deflected when assembled in the framework.

Utilizing these nominal static spring constants, an aluminum test
mass of one pound weight was designed. A magnesium framework consisting
of a base plate built especially to fit the vibration shaker top, a top
plate, and four side supports which were bolted to the top and bottom
plates with 1/4 inch machine belts was chosen for maximum operating con-
venience and rigidity.

The spring design itself was the most restricted, since the spring

constant must be approximately the same as these for the isolators, and






Pounds

Lewd,

. 1ONO eSC11O0IION

s Nx JS OC /MIMHAIION MOBINIS
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tctal spring deflection and free height the same as those for the isola-
tors. In order to insure as nearly linear spring as possible throughout
the whole range of spring travel, a tension-compression spring with
threaded ends was selected. A total spring weight of 0.3 or 0.4 pound
per spring was assumed on the basis that about 1/3 of the spring can be
considered as part of the mass element”™ and that the ratio of the spring
weight to the mass weight should not be more than 1/4. Although the
final spring design yielded a sufficiently high spring constant, the
total height of the springs were approximately 1/2 inch longer than the
isolators; requiring two sets of side supports, one short set for the

1
vibration isolators and one long set for the spring. Although the long
side supports could have been used for the isolators by placing appro-
priate spacers in the system, it was imperative that the overall system
height be kept to a minimum in order to reduce any possibility of a rocking
motion of the test specimen and vibration-exciter spider. Any rocking
motion would be particularly harmful to the 780-35C vibration-mount system

since it has very low side stability.

AMPLIFYING, INTEGRATING, AND RECORDING SYSTEM

The obvious choice of components for the amplifying, integrating, and
recording system was a readily available system such as the Consolidated
linear and integrating amplifiers and recording oscillograph. Since these
amplifiers were only single integrating, cascading of two amplifiers was

necessary to obtain a double-integrated signal. This system, which employed

“Wahl, A. M., Mechanical Springs. Penton Publishing Co., Cleveland,

1944, p. 233.






11
conventional RC integrating circuits, proved too insensitive and was dis-
carded.

Other RC integrating systems with various types of amplifiers were
tried but also proved too insensitive."

The integrating system which was finally adopted utilizes the capa-
bilities of high-gain DC amplifiers, as adders, inverters, or integrators,
depending upon the selection of the input and feedback components used.

A preamplifier stage was placed before the integrating Bystem and a
variable gain power amplifier after the integrating system so that galvan-
ometers of a recording oscillograph could be used. Initial tests of this
system revealed an excessively high noise level which was reduced by
supplying the filaments of all tubes in the amplifying and integrating

stages with battery voltage. -

%>enHartog, J. P., Mechanical Vibrations, McGraw-Hill, New York,

1947, p. 86.
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DESCRIPTION OF INVESTIGATION
APPARATUS
An overall view of the apparatus is shown in Fig. 6.
Vibration Generator

The vibration generator used was the Westinghouse Type HI Vibration
Fatigue Equipment. This equipment consists of an audio oscillator, an
audio amplifier and a vibration exciter. The vibration exciter consists
essentially of a coil placed in a uniform magnetic field. This coil is
fastened rigidly to a drive rod which is attached to the mechanical
system to be vibrated. When alternating current is passed through the
drive coil, an alternating force is applied to the coil and hence to
the drive rod. The spring suspension of the drive rod is such that the
maximum amplitude of vibration is one-sixteenth of an inch from the
position of the coil at rest.

The audio oscillator determines the frequency and amplitude of vibra-
tion of the vibration exciter. The biharmonic excitation was obtained by
placing two audio oscillators in series.

Test Specimen

The test specimen consists of a rigid framework which supports either
two springs or two vibration isolators in series which in turn support a mass
containing an accelerometer. See Figs. 7, 8, and 9. An accelerometer-
mounting position is provided on the base of this framework, which in turn
is bolted to the vibration exciter drive rod.

The accelerometers were Glennite Type A-403 self-generating type.

These accelerometers utilize a compressionally sensitive piezo-electric






DC Power Supply

Recording Oscillograph
Audio Oscillators

Power Amplifiers

Audio Amplifiers
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FIGURE 6. GENERAL VIEW OF APPARATUS
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system wherein a small weight rides freely against two barium tit&nate sen-
sitive elements. The movement of these piezo-electric elements against the
inertia of the weight produces the compression force from which the voltage
output is generated.

Amplifying, Integrating, and Recording System
Figure 10 is a block diagram of the amplifying, integrating, and

recording system.

FIGURE 10. BLOCK DIAGRAM OF AMPLIFYING, INTEGRATING, AND RECORDING SYSTEM

A Glennite Model F4.06 cathode follower provides a suitable impedance
matching circuit with unity gain to allow the voltage generated by the high-
impedance accelerometers to be fed into the low-impedance double-integrating
system without the loss of low-frequency capabilities.

The system utilized for the double integration of the accelerometer
signals was an operational analogue of the simple system of Fig. 1. An
operational analogue consists of a number of separate elements, each of

which simulates a certain mathematical operation.”™ These separate

~McMaster, R. C., Merrill, R. L., and List, B. H., ™"Analogous Systems

in Engineering Design', Product Engineering. January 1953, p. 191.
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elements are arranged so that the equations describing the performance of
this operational analogue are of the same form as those of the simple sys-
tem of equation 1.

The elements used in the operational analogue were high-gain DC
"operational™ amplifiers. These operational amplifiers can be utilized
as signh changers, scale changers, integrators, or adders, depending upon
the choice of input and feedback components. The basic equation for the
output voltage of a high-gain direct-current feed-back amplifier with an

odd number of stages shown in Fig. 11 is

e = * el - (@)

FIGURE 11. BLOCK DIAGRAM OF AMPLIFIER
IT the impedences Zf and are purely resistive as in Fig. 12 the equation

of the output voltage is

(12)
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el "AAAAAAA €2

FIGURE 12. SCHEMATIC DIAGRAM OF OPERATIONAL AMPLIFIER
Thus an operational amplifier as shown in Fig, 12 may be used either as a
sign changer (R™ = R]®) or as a sign and scale changer (R* / RTf). If the
Zf is a pure capacitance and Z» is purely resistive as shown in Fig* 13

the equation of the output voltage is

a3

FIGURE 13. SCHEMATIC DIAGRAM OF INTEGRATING OPERATIONAL AMPLIFIER

The final operation of importance to this problem is that of addition. It

can be shown that if three inputs are connected to an operational amplifier






through input resistors as in Fig. lh that the output voltage is

- Rfe, ¢#Rfe ¢Rfe.). (Hi)
K S A

FIGURE 111. SCHEMATIC DIAGRAM OF ADDING OPERATIONAL AMPLIFIER

Referring back to equation (1) and letting

zZ - y-X,
z - *-x,
7« v,
then
mz & bz & kz » -mx . @as)

Differentiating equation (3)

X » -Xco sinajt @6)
then

mz & bz & kz * raxo sinoot. an

The solution of this equation is
mco™X
NKk-mei>™NN-Ko™on

sin (cot- 0) @as)

where
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and the maximum value of z/x without respect to time 1is

J- = (m/aa)2 a9
X '/t{<a<Dn)2]2 + (2r Vor)2

It is apparent that if g/on were large and r small, 2z/x would approach unity
or z would approach x numerically.
Rearranging equation (15)
-z = (b/m)z + (k/m)z + X o)
or in electrical terms
-ex = 1/(R1C1) / €ldt F1/(R1C1l) 1/(R2C2) // e2dtdt + er. (21)

The schematic diagram of the operational analogue utilized for double

integration of the accelerometer voltage is shown in Fig. 15.

FIGURE 15. SCHEMATIC DIAGRAM OF THE OPERATIONAL ANALOGUE
The operation of this operational analogue can best be explained in

the following manner: Assume that a voltage -e, proportional to -z exists

at the output of operational amplifier number 2 as indicated in Fig. 15.
Operational amplifier No. 3 integrates voltage as a function of time and

changes its sign; hence, the voltage output I/(RjCi) / e~dt is proportional
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to +(b/m)z, Amplifier No. U changes the sign of the voltage so its output
is -1I/(RICi) / e~dt proportional to -(b/m)z. Amplifier No. 5 integrates
and changes the sign of the output voltage of amplifier No. 3 so its out-
put -1/(R"CN) 1/XR2C2) // e~dtdt is proportional to -(k/m)z. Thus, the
inputs to amplifier No. 2 are -9 proportional to -x from amplifier No. 1,
-I/(R-~C™) / e~dt proportional to -(b/m) z from amplifier No. 4, -I/(R-"CM)
1/(R2C2) J1 endtdt proportional to -(k/m)z from amplifier No, 5. Amplifier
No. 2, being an adder and sign changer gives an output voltage proportional
to I/CRMCN) / endt + 1/(R1C1) 1/(R2C2) // endtdt + = -e”. Thus checking
our original assumption that a voltage -e”™ proportional to -z exists at the
output of amplifier No. 2.

Amplifier No. 1 provides a single stage of amplification variable in
steps of 50 and 100 for the base accelerometer voltage and in steps of 10,
25, 50, and 100 for the mass accelerometer voltage.

The DC amplifiers were Model K2-W from Geo. A. Philbrick Researches,
Inc. modified so that the filaments supply was a battery to decrease the
noise level.

The output voltage from the integrators was amplified by two Hathaway
MRC-15 AC amplifiers. These current amplifiers were necessary to provide
adequate power to drive the galvanometers in the Miller Model H Recording
oscillograph used to record the data. The amplifier of the mass acceler-
ometer voltage was modified by installation of an additional input attenua-
tor to provide attenuation steps as follows: 1,5, 2, 3, 5, 7, 10, 15, 20,

30, 50, 70, 100, 150, 200, 300, 500, 700, and 1000.

PROCEDURE

A number of accelerometers were checked until two accelerometers were
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found with approximately the same sensitivity. The selected accelerome-
ters were then calibrated over the frequency range from 20 to 200 cycles
per second to confirm linearity in the intended operating range and to
obtain a conversion factor between the accelerometer outp it voltage and
input acceleration. Calibration was accomplished on a standard calibra-
tion setup consisting of an electromagnetic shaker M3 Model CII and
power supply. A standardized velocity coil on the armature of the
shaker is used to set the acceleration level at each particular frequency.
The accelerometer output is then read on a Ballentine electronic volt-
meter.

The comparative performance of the two calibrated accelerometers was
later checked with the test specimen itself by replacing one of the spring
elements or vibration mounts with a solid bolt. This calibration proved
that the two accelerometers and associated catnode followers and integra-
tors had equal and linear frequency responses within three per cent for
the vibration mount test specimen. The same type calibration of the
spring test specimen resulted in a factor of 1.0”1 for base accelerometer
integrator voltages and linear frequency response within three per cent.

Both channels of the integrator itself were checked for proper opera-
tion in the final setup by adjusting the integrator input voltage at each
frequency until the integrator output voltage was a predetermined constant
value. A subsequent plot of integrator input voltage versus frequency con-
firmed integrator performance within 2,8 per cent over the desired frequency
range of 30 to 200 cycles per second. In addition, a function generator
was utilized to provide square and triangular input waveforms of varying

frequency. Visual observation of the input and output waveforms on a
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cathode-ray oscilloscope also confirmed satisfactory performance.'5
The actual gain of the integrator preamplifier stage from calibration
is shown in Table 2.

TABLE 2. CALIBRATED INTEGRATOR PREAMPLIFIER GAIN

Nominal Calibrated
Actual

Mass Integrator Channel

100 100.000
50 46.233
25 24.667
10 10.000

1 1.000

Base Integrator Channel

100 100.00

50 50.00

The additional attenuator in the mass accelerometer voltage power
amplifier was calibrated and all steps were found to be exactly as rated
except the lower four attenuation steps, which had the calibrated values

listed in Table 3.

~Thomson, W, T., fteghanical Vibrations. McGraw-Hill, New York, 1947

p- 98.
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TABLE 3. CALIBRATED ATTENUATOR VALUES FOR MASS POWER AMPLIFIER

Rated Calibrated
1.5 1.858

2 2.194

3 3.116

5 5.168

Simple Vibration Tests

The audio-oscillator voltage was adjusted so that the base amplitude
as indicated by the output of the base accelerometer voltage integrator
as indicated on the voltmeter was the desired value for a particular test.
The frequency setting of the audio oscillator was adjusted to such a point
that the output of the mass accelerometer voltage integrator was equal to
the output of the base accelerometer voltage integrator as indicated by
equal voltmeter readings. The attenuators on the AC amplifiers were set
at their lowest value and the gain control of the amplifiers adjusted until
the galvanometer deflections appeared equal. A recording was made. This
record provided the amplifier gain ratio for a particular test, since the
amplifier gain controls were not changed from this setting. The voltmeter
and counter readings were recorded.

At each frequency after the audio oscillator had been set for the de-
sired frequency and base accelerometer voltage integrator output, the atten-
uator on the mass AC amplifier was adjusted to produce a galvanometer
deflection of approximately one inch. All voltmeter and frequency counter

readings and attenuator settings were recorded, and an oscillograph recording






26
was made.

The change from one frequency to the next was made while holding the
base accelerometer voltage integrator output as constant as possible.

Biharmonic Vibration Tests

The biharmonic vibration tests were conducted essentially the same
as the simple vibration tests, so that the only procedure peculiar to them
will be detailed in this section.

Since with the series arrangement of the audio oscillators there was
no point at which the voltage of the individual frequencies could be
measured, a special procedure was necessary. Each audio oscillator was
set on the desired frequency. The first oscillator output was turned up
until the base-analogue voltage was the desired value. The second oscil-
lator output was then shorted, and the voltage output of the Ffirst audio
oscillator was read. This procedure was repeated in order to set the out-
put level of the second oscillator. With these two voltage readings, the
two oscillators can be set with the other one shorted. Then with all shorts
removed, the combined audio oscillator output is used to drive the vibration
generator. Since there is no phase control between the two frequencies, a
very slight change in frequency will produce a slowly shifting phase angle.
The continuous recording will then contain a full range of phase-angle

variation.

RECORD ANALYSIS AND CALCULATION
Simple Vibration Tests
Peak-to-peak measurements were made on 5 or 10 successive peaks to
obtain an accurate average of the oscillogram trace amplitude. The ampli-

fication was then calculated as follows:






y = Am Aba GcCe (22)
X Tb Ams Ab

where Tm = oscillogram trace amplitude for mass,

Tb oscillogram trace amplitude for base,

Am power amplifier attenuator setting for mass,

Ams = power amplifier standard attenuator setting for mass,
Ab = power amplifier attenuator setting for base,

Abe = power amplifier standard attenuator setting for base,

Gc power amplifier gain correction factor,

Cs spring system calibration factor.

Record No. 252 made with the spring system was taken with the base
and mass integrator voltages equal; hence, the ratio of base oscillogram
trace amplitude to mass oscillogram trace amplitude will provide a cor-
rection factor applicable to the mass oscillogram trace amplitude measure-
ments of records No. 253 through 263.

Power amplifier gain correction factor = 763.1 = _95A3
799.6
for run No. 253 then

1.46.

7 = ill 111 (.9543) (1.041)
X (968.2) 3 @

Biharraonic Vibration Tests
Initial runs at the biharmonic excitation composed of 50 cps and 100
cps harmonics were made without an adequate system for control of the rela-
tive amplitude of the two frequencies. Determination of the relative? ampli-
tudes was made from the record of the base integrator output as follows*
Comparison of the records with various synthesized 50 cps 100 cps com-
posite curves indicated that two suitable curves to analyze were the ones

that corresponded to the equations
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X = Asin wt + B sin 2 (oot + A5°) (23)

and X Asin oot + B sin 2oot. )
This synthesized curve and the individual components in the proper phase

relationship are shown in Pig. 16.

FIGURE 16. 50 CPS 100 CPS COMPOSITE CURVE AND INDIVIDUAL HARMONICS
Examination shows that the distance ,2A, can be measured directly,
then by laying off .70711A at the 1/8 and 3/8 cycle point the zero axis
can be located. Measurement of the "A + B" peak at the 1/2 cycle point
then allows calculation of "B".
Once "A" and "Bw of the base integrator trace have been determined and
multiplied by the appropriate amplifications (1,87 50 cps and 1.20 < 100
cps) the predicted equation of the mass integrator output trace can be

written as:
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Y = 1.87 A sincot ¢ 1,20 B sin 2 (at + £5°). (25)

Examination of the simple vibration records show that negligible phase
shift occurs up to 68 cps on the spring system with 180° phase shift above
80 cps. Equation @M is then solved for the maximum plus and maximum
minus values which, when added without regard to sign, gives the predicted
double amplitude. The predicted amplification is then the ratio of the
predicted mass double amplitude to the measured base double amplitude.
Similarly, the measured amplification factor is the ratio of the measured
mass double amplitude to the measured base double amplitude.

The second synthesized curve and its individual component in the pro-

per phase relationship are shown in Figure 17.

FIGURE 17. 50 CPS 100 CPS COMPOSITE CURVE AND INDIVIDUAL HARMONICS
Determination of the nAM and "3M values from the composite curve was
made in the following manner. First, the zero axis was drawn at the point
midway between the maximum positive and maximum negative peaks. The zero

axis also passes through the inflection points. The trace height at the
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1/U cycle point equals A. The trace height at the 3/8 cycle point equals
.70711 A - Bj thus, both A and B can be determined.

As in the first example of this frequency combination, the predicted
equation of the mass integrator output trace can be written as:

Y = 1.87Asina)t + 1.20Bsin2 ot (26)

A similar procedure was used for the record analysis of the 50-cps/
150-cps combination for which the equation of the base-analogue trace was
determined from the trace itself.

The remainder of the biharmonic vibration records, which involved two
frequencies which were 1£ cycles per second or less apart were simply

measured for peak double amplitudes.
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RESULTS

SUMMARY

During biharmonic vibration excitation the linear spring mass system
behaved according to predictions made from the simple vibration performance
of the system shown in Figure 18. Appendix A contains the run data and am-
plification tables. Table A is a resume of the data obtained from the bi-
harmonic vibration excitation of the linear spring mass system. Appendix C
contains sample oscillograph records of the biharmonic vibration excitation
of the linear spring mass system.

TABLE A. BIHARMONIC VIBRATION EXCITATION CF THE LINEAR SPRING SYSTEM

c n c
o c o
. - o -
[3) - - .2 -
g 5 9) o0 St =
c N c - - T O W O 1=m
(0] (7)) Q c - C =
S ) S o O im S w0 -
o - T im = - O . C =--
e g 2 5 2 A s £2
T 3 (T I - 0a o o n ®
= Y °
s, 33 & %
$ k] 3 3] -
(ORI ) - - =}
) = O == © 0
T O n o o) ©
it £ 0 © £ - )
f2 V fa té n *1 ®*2 h 2 o © o © o =
50 60 .685 .82% 1.87 2.91 50 50 30 .00A7 2.39 2.37
.0089 2.39 2.50
.0209 2.39 2.47
68 78 .932 1.07 7.30 7.60 50 50 — 0201 7.AA 7.31
50 100 .685 1.38 1.87 1.20 68.3 31.7 0 .0132 1.67 1.69
A5 .0113 1.67 1.68
50 150 685 2.05 1.87 .36 76.6 23.A 0] .0162 2.15 2.13
A5.A 54.6 .0084 1.A9 1_A9

Both of the vibration-isolator systems which exhibit-d nonlinear char-
acteristics during the harmonic vibration as s™own in Figures 19 and 20

proved to have unpredictable amplifications during biharmonic vibration
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excitation. Appendix B contains run data and amplification tables and am-
plification curves for both vibration-isolator systems. Appendix C contains
sample oscillograph records of the biharmonic vibration excitation of the
vibration-isolator systems. Tables 5 and 6 are resumes of the data obtained
from the biharmonic vibration excitation of the two vibration mount systems.

TABLE 5. BIHARMONIC VIBRATION EXCITATION OF THE TYPE 990-30 VIBRATION
MOUNT SYSTEM

c " c
(o] c o
, - o} -
S & = 2%
> o ) o o 55 -
c N cC [ T o O 1m
(0] (7] () C - m C I
S o S o O 1= > v 0 S -
o - T 1= = =m - O C -
() o O - 0 T C = ' L o
- > - @© © £ C oo c - =
L (6] L - T ®© -0 Q n ] mn ©
Q ()
=) oo o
c 35 O (0] ©
© o 5 - (0]
) S & [3) -
[OINO] ] - >
) = Q == ° ()]
© 2% g8 2 5
f£2 V fn *s/*n *1 =) b- 2 =@To 0 c a =
84 90 1.062 1.138 7.10 4.10 50 50 - .0049 5.60 5.03
6.006 3.557 4.78
84 90 1.062 1.133 50 50 - .0227 4.31
9.308 3.109 6.20
9.308 3.109 6.20
84 90 1.062 1.138 50 50 - .0324 4.88
13.6010 3.1011 8.35

~Amplification for 0.010 inch base double amplitude.

7Amplification for 0.010 inch base double amplitude.
aAmplification for 0.025inch base double amplitude.
~Amplification for 0.025inch base double amplitude.
mAmplification for 0.035inch base double amplitude.

1I"Amplification for 0.035inch base double amplitude.
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TABLE 6.

Frequency

62

62

MOUNT SYSTEM

Cycles/sec.
ratio

Frequency

f2 fl/fn T2/fn

76 .943 1.156

76 .943 1.156

Amplification
mAmplification
s Amplification
"~Amplification
s~Amplification
s~Amplification
1eAmplification
~Amplification

~"Amplification

Harmonic

*1

3.0612

for

for

for

for

for

for

for

for

for

297
.6216

.9818

0.005

0.005

0.010

0.C10

0.C25

0.025

0.050

0.050

0.050

ication

ampli

«F2

2.0213

2.8015

3.6017

3.5733
7.2520

inch base

inch base

inch base

inch base

inch base

inch base

inch base

inch base

inch base

ividual

Ind
contribution,
percent

50 50

50 50

double

double

double

double

double

double

double

double

double

c

o o
2 39
c 0 O-g
(0] T &
o o -
0N = O -
T O 0w a
o T £
oo 0
- .0097
- .0499

amplitude,
amplitude,
amplitude,
amplitude,
amplitude,
amplitude,
amplitude,
amplitude,

amplitude.

Predicted

Biharmonic
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BIHARMONIC VIBRATION EXCITATION CF THE TYPE 780-35G VIBRATION

ication

ampli

Measured

3.56
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DISCUSSION OF RESULTS

The linear spring system gave the same amplification versus frequency
curve over a range of base double amplitudes between 0.0015 and 0.0100
inch. Some scatter of the points for Fig. 18 can”be attributed to the
fact that the frequency counter was not utilized on the lower amplitude
runs, hence, the frequency was not known within 0.1 cycle as it was on
runs when the frequency counter was used. Although complete phase angle
measurements between the base accelerometer integrator output and the mass
accelerometer integrator output were not made it was noted that the phase
angle changed from 0° to 180° between f/fn = .97 and f/fn = 1.04. Within
the accuracy of this work then, the linear spring system behaved according
to the theory for a simple system with a very low damping coefficient.

There were, 1in general, two primary sources of error in this work.
First, the non-linearities of the system as a whole. The most serious
non-linearity of the system as a whole seemed to result from some peculiar
interaction of the test specimen and vibration generator. Second, the
inherent errors associated with recording on photographic paper which is
wet processed and dried before measurements are possible are generally
regarded as being in excess of the three per cent estimated for this in-
vestigation, It should be pointed out, however, that all the measurements
of the oscillographs were used in the detercdrv tion of ratios. Thus,
shrinkage and other distortion errors should be reduced considerably.

The measured biharraonic amplification of the linear spring system
agreed within 4.6 per cent of the predicted biharmonic amplification with
most of the measured amplifications being slightly higher than the predicted.

The biharraonic amplifications were measured at base double amplitudes between
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0.00”7 and 0.0209 inch.

The accuracy of the measured biharmonic amplifications is probably
somewhat less than that of the simple vibration since measurements were
made at only a single point whereas five or ten measurements were made to
obtain the simple vibration data.

The Barry type 990-30 vibration mount system gave larger amplifica-
tions at the larger base double amplitudes particularly in the region
between f/fn = .95 and f/fn = 1.15. The amplification curves also re-
vealed an increase in fn with iIncreasing base double amplitudes. This
increase in fr was particularly noticed at the 0.035 inch base double
amplitude which resulted in the vibration mounts deflecting almost to
their maximum in both directions at resonance.

Measured biharmonic amnlifications were all lower than the most con-
servative predicted amplifications by 9 to 27 per cent. The most conser-
vative amplifications were calculated from the amplification curves deter-
mined at a base double amplitude one-half the base double amplitude of the
biharmonic base double amplitude.

The Barry type 780-350 vioration mount system also gave larger ampli-
fications at larger base double amplitudes. Unlike the type 990-30 vibra-
tion mounts, the type 780-350 vibration mounts did not give smooth ampli-
fication versus f/fn curves particularly in the region from f/fn = .75 to
1.05, Only at the maximum base double amplitude of 0.050 inch did the
natural frequency shift appreciably. The amplification curve revealed a
marked non-linear characteristic which resulted in a discontinuous jump
in amplification. This increase in natural frequency and discontinuous

jump in an amplification is characteristic of a non-lineur system with a
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gradually stiffening spring. This apparent stiffening of the spring may
be attributable to the additional spring action from the air in the air
damping system.

A second set of 780-350 vibration mounts were checked to confirm the
irregular amplification curve at lower base double amplitudes. Comparison
of Figs. 21 and 22 show the same general type of irregular curve obtained
for the two different sots of type 780-350 vibration mounts.

Measured biharmonic amplifications were only about 3.3 per cent lower
than the most conservative predicted amplifications. Thus, the biharmonic
amplification of the 780-350 vibration mounts can be predicted from the
harmonic amplification characteristics for a biharmonic vibration composed
of equal amplitude harmonics.

The type 780-350 vibration mounts exhibited higher amplifications
than specified in the manufacturer *s literature. The manufacturer claims
a maximum amplification at resonance of 3.5. This maximum amplification
was specified with a vertical resonance of 7 to 9 cycles per second.

Since the vertical resonance was approximately 66 cycles per second in
this work it may be surmised that the effectiveness of the air damping is

decreased at higher frequencies of vibration.

CONCLUSIONS

The amplification of a linear single degree-of-freedom system sub-
jected to biharmonic vibration may be predicted from the simple vibration
amplification of the system. The amplification of Barry type 990-30 and
780-35G vibration mount systems subjected to biharmonic vibration cannot

be accurately predicted in a similar mannor, out predicted amplifications
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mad®© on the basis of simple vibration amplifications at base amplitudes
equal to one—half the biharmonic vibration amplitude were greater than

measured values.

RECOMMENDAT IONS

Further work should be done to establish the effect of the high nat-
ural frequencies on these types of vibration mounts which are normally
employed with natural frequencies as much as 1/10 the value used in this
study. Consideration should be given to the design of a test specimen
such that vibration mounts employed will be acting in parallel so that
non-linear spring characteristics will not be distorted as is possible

in a series arrangement of mounts.
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APPENDIX A

RUN DATA AND AMPLIFICATIONS FROM THE SIMPLE

VIBRATION OF THE SPRING SYSTEM
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TABLE 8 . AMPLIFICATIONS FROM THE SIMPLE VIBRATION OF THE SPRING
SYSTEM

Freq. f/fn Amplification Freq. f/fn Amplification
cps cps
0.0015 in. Nominal Base Double 0.0025 in. Nominal Base Double
Amplitude Amplitude
106.8 1.46 1.04 105.0 1.44 1.04
100.0 1.37 1.46 175.0 2.40 0.339
90.0 1.23 2.38 150.0 2.05 C.418
80.0 1.10 6.43 120.0 1.64 0.686
78.0 1.07 8.60 100.0 1.37 1.28
76.0 1.04 14 .55 90.0 1.23 1.79
74.0 1.01 46.10 80.0 1.10 6.49
72.0 0.99 42 .55 78.0 1.07 9.88
70.0 0.96 12.51 76.0 1.04 17.90
50.0 0.68 1.55 72.C 0.99 18.48
70.0 0.96 9.28
60.0 0.82 2.76
0.0020 in. Nominal Base Double 50.0 0.68 1.84
Amplitude 40.0 0.55 1.52
30.0 0.41 1.23
104.0 1.42 1.04 0.0100 in. Nominal Base Double
120.C 1.64 0.78 Amplitude
100.0 1.37 1.21
90.0 1.23 1.81 105.0 1.44 1.04
80.0 1.10 5.25 175.0 2.40 0.300
78.0 1.07 7.57 140.0 1.92 0.48
76.0 1.04 13.16 120.0 1.64 0.70
70.0 0.96 11.24 100.0 1.37 1.34
64.0 0.88 5.28 90.0 1.23 2.10
50.C 0.68 1.87 82.0 1.12 4.16
40.0 0.55 1.45 68.0 0.93 7.26
30.0 0.41 1.07 60.0 0.82 2.97
50.0 0.68 1.85
40.0 0.55 1.43






APPENDIX B

RUN DATA AND AMPLIFICATIONS FROM THE SIMPLE VIBRATION

OF THE VIBRATION MOUNT SYSTEMS






TABLE 9.

Frequency
cycles/sec.

115.1
199.6
175.1
119.6
99.6
90.0
85.4
83.2
79.8
79.1
78.1
77.1
76.1
72.0
69.9
60.5
50.4
40.2

116.4
116.4
198.6
176.6
149.8
119.4
99.5
89.9
85.1
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RUN DATA AND RECORD MEASUREMENTS OF* 990-30 VIBRATION MOUNTS
SIMPLE VIBRATION

Base

.0200
-0100
.0100
-0100
.0100
-0100
.0100
.0100
.0100
-0100
.0100
-0100
.0100
-0100
-0100
-0100
.0100
.0100

-0200
.0100
.0100
-0200
-0200
.0200
-0200
.0200
-0200

Integrator
voltage

Mass

-0200

.0100
.0210
.0400
.0590
.0700
.0820
.0820
.0800
.0740
.0670
-0460
-0385
-0220
.0160
-0135

-0200
-0200

.0180
.0390
.0720
-1160

Run Data

Base

[y
PRRPRRPRPRPRFPPPRPRPRPPPRPREPPRPR B

172
172

172
172
172
172
172
172

Attenuator

setting

Mas 8

10
1.5

10
20
30
30
50
50
50
30
30
30
20
10

10
10

[@RENNNG; BN

30
50

Integrator

Base

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
50
50

100

100

100

100

100

100

Mass

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100

Record
number

350
351
352
354
355
356
357
358
359
360
361
362
363
364
365
367
368
369

370
371
372
373
374
375
376
377
378

Record
Measurements
3
¥
s =
o Q
z5
Base Mass
833.4 869.6
818.6 593.5
768.3 625.4
878.4 821.6
813.6 913.6
834.8 892.4
821.6 888.0
823.3 1071.0
826.2 745 .6
829.0 758.2
841.4 713.4
813.8 1095.0
806.8 1003.9
841.6 685.2
842.0 850.4
817.2 949.8
790.8 1008.6
870.8 1171.8
849.0 898.0
421.4 846.2
821.5 983.2
843.7 875.9
829.4 7 792.6
806.8 1057.8
835.4 843.4
829.2 1045.2
850.8 974 .4
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TABLE 10. AMPLIFICATIONS FROM THE SIMPLE VIBRATION OF THE 990-30 VIBRATION
MOUNT SYSTEM

Freq. f/fn Amplification Freq.- f/fn Amplification
cps cps
0.005 in. Nominal Base Double 0.010 in. Nominal Base Double
Amplitude Amplitude (Continued)
115.1 1.45 1.00 50.3 0.64 1.62
199.6 2.52 0.26 40.3 0.51 1.23
175.1 2.a 0.34
119.6 1.51 0.93 0,025 in. Nominal Base Double
99.6 1.26 2.15 Amplitude
90.0 1.14 4.10
85.4 1.08 6.21 113.4 1.43 1.00
83.3 1.05 7.47 119.3 1.51 0.77
79.8 1.01 8.65 99.4 1.26 1.84
79.1 1.00 8.76 8908 1.14 3.15
78.1 0.99 8.12 85.1 1.08 6.83
77.1 0.97 7.74 83.2 1.05 9.61
76.1 0.96 7.15 79.7 1.01 9.86
72.0 0.91 4.50 78.9 1.00 9.31
69.9 0,88 3.87 77.9 0.98 8.91
60.5 0.76 2.23 77.0 0.97 8.20
50.4 0.64 1.71 76.0 0.96 7.38
40.2 0.51 1.33 71.9 0.91 5.28
69.9 0.88 4.54
0.010 in. Nominal Base Double 60.4 0.76 2.22
Amplitude 50.4 0.64 1.53
40.2 0.51 1.26
116.4 1.47 1.00
198.6 2.51 0.13 0,035 in. Nominal Base Double
176.5 2.23 0.31 Amplitude
149.8 1.89 0.47
119.4 1.51 0.87 110.4 1.40 1.00
99.5 1.26 1.91 119.0 1.50 0.79
89.9 1.14 3.57 99.4 1.26 1.63
85.1 1.08 5.41 - 89.8 1.13 3.20
83.2 1.05 6.43 85.1 1.08 13.70
79.7 1.01 8.98 84.0 1.06 13.64
78.9 1.00 8.93 83.0 1.05 12.89
78.0 0.99 8.68 82.3 1.04 12.02
77.0 0.97 8.17 81.0 1.02 11.00
76.0 0.96 7.61 80.0 1.01 9.62
72.0 0.91 4.83 69.8 0.88 4.73
69.9 0.88 4.16 60.4 0,76 2.44
60.4 0.76 2.32 50.3 0.64 1.68
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Run Data
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C -
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Base Mass
1/4 50
174 30
1/4 30
174 20
174 15
174 20
174 20
174 30
174 30
1/4 30
174 30
174 50
174 50
174 50
174 50
1/4 50
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174 50
174 50
174 50
174 50
174 50
174 50
1/4 50
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100
100
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o
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50
50
50

50
50
50
50
50
50
50
50
50
50
50
25
25
25
25
25
25
25
25
25
25

Record
number

614
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621
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623
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631
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635
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637
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Record
Measurements
>
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o=

v Q

z3
Base Mass
931.6 653.4
885.0 926.0
894 .4 792.3
907.8 m.®6
894.8 900.6
892.0 1007 .6
899.8 1168.4
898.2 853.6
898.6 932.4
896.8 1001.6
887.0 1079.8
874.8 486.2
898.2 842.0
891.3 1072.4
910.6 1208.8
889.0 770.0
889.8 766.3
906.4 816.4
905.8 841.0
898.0 997.2
842.8 1006.2
826.0 1022.0
818.2 1031.8
894.0 1054.2
905.8 896.0
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TABLE 12. AMPLIFICATIONS FROM THE SIMPLE VIBRATION OF THE SET NO. 1 780-25G
VIBRATION MOUNT SYSTEM

Freq. f/fn Amplification Freq. f/fn Amplification
cps cps
0.005 in. Nominal Base Double 0.010 in. Nominal Base Double
Amplitude Amplitude (Continued)
90,1 1.37 1.00 50.4 1 0.77 2.54
200.0 3.04 0.16 40.2 1 0.61 1.88
176.6 2.69 0.25
150.2 2.29 0.28 0.025 in. Nominal Base Double
119.7 1.82 0.44 Amplitude
99.a 1.52 0.74
90.1 1.37 1.02 97.2 1.43 1.00
80.0 1.22 1.64 119.7 1.82 0.53
76.2 1.16 2.02 99.6 1.52 0.93
74.1 1.13 2.29 89.9 1.37 1.37
72.2 1.10 2.63 79.7 1.21 2.61
70.0 1.06 3.02 75.0 1.14 3.97
68.1 1.04 3.35 72.0 1.10 5.12
65.9 1.00 4.07 70.0 1.06 5.76
64.1 0.98 3.03 68.0 1.03 5.60
62.3 0.95 3.06 65.7 1.00 5.95
60.4 0.92 2.94 64.0 0.97 3.89
50.4 0.77 2.95 62.2 0.95 3.62
40.2 0.61 2.04 60.2 0.92 3.20
50.2 0.76 2.21
0.010 in. Nominal Base Double 40.0 0.61 1.78
Amplitude
0.050 in. Nominal Basr Double
95.4 1.45 1.00 Amplitude
200.0 3.04 0.11
176.4 2.68 0.22 96.3 1.47 1.00
150.0 2.28 0.22 99.4 1.51 0.90
119.6 1.82 0.50 89.7 1.37 1.37
99.8 1.52 0.86 79.6 1.21 2.a
90.0 1.37 1.27 79.0 1.20 2.50
79.9 1.22 2.14 78.0 1.19 2.71
75.1 1.14 3.04 76.9 1.17 3.02
72.0 1.09 3.69 76.0 1.16 3.57
69.9 1.06 4.07 76.C 1.16 7.05
68.0 1.03 4.11 74.0 1.13 6.77
65.9 1.00 4.95 71.8 1.09 5.79
64.1 0.98 3.37 69.9 1.06 5.59
62.1 0.94 3.29 67,,8 1.03 5.35
60.5 0.12 3.11 65.6 1.00 5.21
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TABLE 12<(Continued)

Freq. f/fn Amplification Freq. f/fn Amplification
cps cps
0.050 in. Nominal Base Double 0.010 in. Nominal Base Double
Amplitude (Continued) Amplitude (Continued)
63.9 0.97 4.38 69.4 1.06 3.96
62.3 0.95 3.98 71.1 1.08 3.86
60.2 0.92 3.a 72.1 1.10 3.79
50.2 0.76 1.95
40.0 0.61 1.52 0.025 in. Nominal Base Double
Amplitude
0,005 in. Nominal Base Double
Amplitude 98.2 1.49 1.00
98.3 1.50 1.00
92.0 1.40 1.00 40.0 0.61 1.62
40.1 0.61 1.99 45.0 0.68 1.89
45.1 0.69 2.36 50.2 0.76 2.14
50.1 0.76 2.43 52.1 0.79 2.16
52.1 0.79 2.70 54.1 0.82 2.37
54.1 0.82 2.66 56.0 0.85 2.54
56.1 0.85 2 .74 58.2 0.88 2.76
53.2 0.88 3.10 «60.0 0.91 3.03
60.0 0.91 3.01 62.0 0.94 3.29
62.1 0.94 3.15 63.9 0.97 3.66
64.1 0.98 2.84 6)6.0 1.00 5.43
65.8 1.00 3.58 67.-9 1.03 5.55
67.6 1.03 2.92 69.7 1.06 5.97
69.6 1.06 2.93 71.4 1.09 . 5.22
72.4 1.10 4.91
0.010 in. Nominal Base Double 72.2 1.10 4._.87
Amplitude 73.8 1.12 4_.36
75.7 1.15 3.69
95.7 1.46 1.00 77.9 1.18 3.05
40.1 0.61 1.91
45.1 0.69 2.16 0.050 in. Nominal Base Double
50.2 0.76 2.32 Amplitude
52.2 0.79 2.38
54.1 0.82 2.60 97.4 1.48 1.00
56.2 0.85 2.79 40.C 0.61 1.50
58.2 0.88 2.79 45.2 0.69 1.72
60.0 0.91 3.01 50.0 0.76 1.81
62.2 0.95 3.33 52.1 0.79 1.97
64.0 0.97 3.37 54.1 0.82 2.12
65.8 1.00 4 .45 56.C 0.85 2.31
67.7 1.03 3.62 58.0 | 0.88 2.53






TABLE 12,(Continued)

Freq. f/fn Amplification Freq. f/fn Amplification
cps cps
0.050 in. Nominal Base Double 0.050 in. Nominal Base Double
Amplitude (Continued) Amplitude (Continued)
59.8 0.91 3.10 73.7 1.12 6.75
62.0 0.94 3.98 75.8 1.15 7.26
63.9 0.97 4 .40 77.9 1.18 7.52
66.1 1.01 5.26 79.8 1.21 7.66
67.7 1.03 5.24 81.8 1.24 7.17
69.6 1.06 5.47 84.0 1.28 1.80
71.3 1.08 5.64






FIGURE 27, AFPLIFIGATICi; CURVES PGR SET ICC 1 TYPE 780-35" VIBRATION KAURT SYSTEM XT a BASE DOllbLc. AMPLITUDE
OF .010 IE.
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FIGURE 79
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AMPLIFICATION CURVES FOR SET No .

1 TYPE 787-350 VIORATION MOUNT SYSTEM AT a BASE DOUBLE AMPLITUDE
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TABLE 13*(Continued)
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TA3LE14. AMPLIFICATIONS FROM THE SIMPLE VIBRATION OF SET NO. 2
780-350 VIBRATION MOUNT SYSTEM

Freqg. f/fn Amplification Freq. f/fn Amplification
cps cps
0.005 in. Nominal Base Double 0.005 in. Nominal Base Double
Amplitude Amplitude
94.6 1.44 1.00 94.7 1.44 1.00
200.0 3.04 0.16 40.0 0.61 1.75
176.0 2.68 0.22 42 .5 0.65 1.82
149.8 2.28 0.32 43.9 0.67 1.91
119.8 1.82 0.47 46.1 0.70 2.16
99.6 1.51 0.83 48.6 0.74 2.17
90.6 1.38 1.20 49.8 0.76 2.32
79.6 1.21 2.21 52.6 0.80 2.45
76.0 1.16 2.83 54.4 C.83 2.62
73.9 1.12 2.99 56.8 0.86 2.37
72.1 1.10 3.31 58.6 0.89 2.87
69.8 1.06 3.53 60.7 0.92 2.88
67.5 1.02 3.65 62.6 0.95 2.70
65.8 1.00 3.98 64.2 0.98 3.31
64.0 0.97 3.05 65.7 1.00 3.62
62.0 0.94 2.97 67.5 1.03 3.95
60.0 0.91 3.10 - 69.5 1.06 3.61
58.1 0.38 2.85 71.5 1.09 3.65
56.0 0.85 2.69 72.5 1.10 3.66
54.2 0.82 2.58 74.1 1.13 3.26
51.9 0.79 2.49 76.4 1.16 2.82
50.5 0.77 2.25 80.0 1.22 2.14
48.0 c.73 2.16 90.1 1.37 1.24
46.1 0.7C 2.11 99.2 1.51 0.86
44 .0 0.67 1.92 119.2 1.81 0.47
42.0 0.64 1.82 149.9 2.28 030
40.1 0.61 1.73 175.6 2.67 0.22
198.2 3.02 0.16






APPENDIX C

SAMPLE OSCILLOGRAPH RECORDS OF THE

BIHARMONIC VIBRATION
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K L — .01 second

mass accelerometer integrator output

FIGURE 30. OSCILLOGRAPH RECORD OF BIHARMONIC VIBRATION OF SPRING SYSTEM






mass accelerometer integrator output

base accelerometer integrator output

FIGURE 31. OSCILLOGRAPH RECORD OF BIHARMONIC VIBRATION OF SPRING SYSTEM
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<01 second

FIGURE . OSCILLOGRAPH RECORD OF BIHARMONIC VIBRATION OF SPRING SYSTEM
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FIGURE 34. OSCILLOGRAPH RECORD OF 3IHARMONIC VIBRATION OF VIBRATION MOUNT SYSTEM
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".01 second

mass accelerometer integrator output

base accelerometer integrator output

FIGURE 35. OSCILLOGRAPH RECORD OF BIHARMONIC VIBRATION OF VIBRATION MOUNT SYSTH4
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