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SHOCK TESTING

SHOCK TESTING TO SIMULATE RANDOM
VIBRATION PEAKS

J. A. Bailie
Lockheed Missiles & Space Company
Sunnyvale, California

Many items of equipment in a variety of vehicles are subjected to both
shock and short (nonstationary) bursts of random excitation. It is com-
mon practice to analyze these latter events as though they were station-
ary and measure their severity in terms of spectral density of acceler-
ation. The errors involved and difficulties of doing this are reviewed.
Actually, short bursts of random vibration are similar to random
shocks, particularly when the failure, if any, is due to the single highest
peak (SHP) of the response, rather than to fatigue.

The importance of the SHP as a measure of damage is also discussed.
When it is the correct damage criterion, we should attempt to control it
and not spectral density. Since the SHP is a random variable, we can-
not control it using random excitation, hut we can with shock tests,

For systems with a single degree of freedom, or those whose sensitivity
to damage is known to be confined to a narrow frequency band, the solu-
tion is simple, once the statistical distribution of the SHP is known.
Available experimental and theoretical data are reviewed, Using the
prescribed percentile of the SHP distribution, the shock test as severe
as the random excitation is derived. In certain cases, when both sta-
tionary random and shock tests are prescribed, the former can be elim-
inated by deriving a shock test whose highest response peaks at each
frequency envelop those of both original tests.

The situation with multi-degree of frcedom systems is shown to be
significantly more difficult and not amenable to one method of solution,
A technique is introduced for extending the results to these situations,
Preliminary results obtained on a analog computer for the two degree
of freedom system are presented to illustrate certain trends,

There is good reason to believe that the ideas outlined can be used to
perform tests that reproduce the damaging potential of certain events
more accurately, thereby saving money in acceptance testing by elimi-
nating some of the tests presently being conducted,

INTRODUCTION

The measurement of power spectra of sta-
tionary random phenomena and their use in test
specifications is part of the scientific litera-
ture; see, for example, Refs. (1) and (2). Simi-
lar progress in the field of nonstationary phe-
nomena has been much slower due to the
inherent difficulties of dealing with processes
whose statistics are time dependent. Neverthe-
less, some advances have been made by Caughey
(3), Bendat and Thrall (4), and many others.

However, these papers deal primarily with
sources of excitation that are long, compared
to the natural periods of the systems, and with
systems whose characteristics change rela-
tively slowly. There exists a third type of ex-
citation, which can be heuristically described
as "'short bursts'' of random vibration. Their
duration is less than a few seconds and typical
examples are the firing of small rocket motors,
staging of launch vehicles while the upper stage
rocket motor is firing into the interstage, and
rapid passage through turbulent regions,
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earthquakes, etc. This type of phenomenon can-
not be adequately handled by the methods out-
lined in Ref. (1), because of its highly transient
nature. We shall now discuss a few ideas that
enable us to deal approximately with these
events, and show how test specifications can be
written to ease the problems of simulating in
the laboratory the damaging potential of the
events.

SINGLE HIGHEST PEAKS AND
THEIR IMPORTANCE

In many structures and items of equipment,
the parameter that decides whether or not fail-
ure occurs is the single highest stress (accel-
eration) peak that the structure sees during its
service life. This is particularly true of brittle
components and those sensitive to a single large
load, rather than the cumulative effects of many
loading cycles. In dealing with stationary proc-
esses, the single highest peak (SHP) seen in a
finite time is obviously a random variable and
for a simple oscillator its distribution has been
sclved approximately by Aspinwall (5), whose
theory agrees reasonably well with the experi-
mental data obtained on an analog computer by
MacNeal and Barnoski (6).

For the short burst random process, with
which we are primarily concerned here, there
does not appear to be much hope at present of
finding a theoretical solution to the distribution
of the SHP. For this reason, a preliminary
study was conducted to find this distribution
using an analog computer. The results (6) will
be discussed later. In simulating stationary
random phenomena, or any other test for that
matter, we exercise control over the important
parameter, in this case spectral density.
Therefore, in situations where the SHP is the
important parameter, we should control it, but
this is not possible when using short bursts of
random vibration in the laboratory. Therefore,
some test that enables us to control the SHP
should replace the random test.

SHORT BURSTS OF RANDOM
EXCITATION

Highly nonstationary inputs are the most
likely situations where the response peaks are
important. If one considers short duration
random processes as limiting cases of station-
ary processes and uses spectral density as the
measure of severity, troubles immediately
arise from two different sources. First, the
computation of spectral densities and even rms
levels becomes progressively less meaningful

as the duration decreases. Second, simulating
the events in laboratory vibration tests pre-
sents serious difficulties and there is a high
probability that the transients which result from
switching the shaker on and off far exceed the
levels applied during the actual test. Hence,
any failures that occur are due to these tran-
sients and not the true environment. Another
significant point is that for long durations of
stationary processes, the SHP that has a pre-
scribed probability of occurrence does not
change much as a function of the test duration
(Figs. 1 and 2). In other words, the curve of
SHP vs T* has a steep slope for small T* and
becomes less so as T® increases; controlling
the spectral density is the correct thing to do,
since the SHP problem is automatically fairly
well simulated.

One of the foundations of conventional sta-
tionary random process theory is the ergodic
hypothesis that entitles us to replace ensemble
averages by time averages, etc. For this type
of event we should reject this hypothesis and
treat the events as true nonstationary proc-
esses. One might well ask, "Why not conduct
nonstationary random tests on flight hardware ?"
The reason, of course, is that one cannot con-
trol the SHP produced by such processes; it is
a random variable. If we assume that, in the
laboratory, the nonstationary excitation is pro-
duced by multiplying the stationary random
process by an envelope function (Fig. 3), the
variation in SHP from one test to another in-
creases as the sampling interval (test duration)
decreases. Regardless of the method of gener-
ation of the excitation, this conclusion must
hold for truly random processes. When we are
conducting qualification or acceptance tests,
this large variation in the important response
parameter is clearly undesirable, as it can re-
sult in a wide variation of the quality of the
hardware that passes the test. We have enough
trouble setting the peak we want without using a
test whose peak cannot be controlled.

These are the main reasons why the shorter
the bursts of random excitation, the less desir-
able it is to use them in laboratory qualification
and acceptance type testing. Our discussion
also indicates why these environments are sim-
ilar to the conventional shock test in which we
are concerned with the peak response to a de-
terministic input. In fact, if we blindly accept
the SHP as the only damage criterion, it is an
academic question whether a prescribed level
is produced by a short random burst or a con-
ventional shock test. However, many compn-
nents’ failure level depends, to some extent, on
the frequency content of the excitation. (See
Ref. (7) for further discussion of the cause of
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failures due to shocks.) Hence, for short bursts
of random vibration and components that are
sensitive to SHP there are a number of reasons
why we should proceed as follows in determin-
ing the test level:

1. Obtain the probability distribution of the
SHP? from test data, analog simulation, etc.

2. Decide on the probability of failure that
is acceptable or whatever risk one wants to
take about the component (2).

3. Find the SHP level that corresponds to
the probability level selected in step 2 and con-
duct a shock test that produces this level.

So far we have implicitly assumed a single
degree of freedom system or at least one in
which only a single mode is really important.
For multi-degree of freedom components the
situation is clearly much more difficult as the
SHP is a function of the responses in all the
modes unless the excitation is narrow band.
However, rather than attempt to subject the ex-
citation data to spectral analyses, it is far bet-
ter to obtain shock spectrum analyses in the
conventional manner. Because of the inherent
stochastic nature of the data, we expect the
shock spectrum level at each frequency to be a
random variable. When sufficient data are
available tc obtain estimates of the distribution
at eacl: frequency of interest, we can select a
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level which has a prescribed probability of be-
ing exceeded. A curve through these points can
be used as the test level, but it is clearly con-
servative when failure is due to the response in
more than one mode because in doing this we
have assumed complete correlation between the
levels at all frequencies. This test gives an
excessive SHP and is certainly not the only way
of selecting the test level.

The question that now arises is ""How do
we select a shock spectrum that yields the re-
quired SIUP and the correct (requency distribu-
tion of excitation energy ?'' There does not ap-
pear to be a simple way to answer this because
of the lack of complete correlation of the times
of various modes reaching their independent
peaks, and judgment is needed.

The three important characteristics that
the test spectrum should exhibit are: (a) the
desired SHP, (b) approximate simulation of the
frequency content of the excitation, and (c) ca-
pability of the shaker to produce the shock
spectrum. It is not practical or worthwhile to
attempt a closed-form solution because of the
wide constraints imposed by conditions (b) and
(c); no one solution is optimum for all situa-
tions.

There is no doubt that in many practical
examples the shock spectrum levels at different
frequencies will be only slightly correlated. In
these situations, the simulation of the environ-
ment presents serious difficulties. If we pro-
ceed as just suggested for the case when the
spectrum levels are well correlated and shape
our test spectrum as proposed, the following
difficulties can occur. The high peaks of some
of the spectra can be above the test spectrum,
and in these regions of the frequency domain
the test is not severe enough. If the failure is
due to the SHP and is the sum of the responses
in many modes, this is not too serious. How-
ever, if the failure is due to the response in
one mode, the test can be significantly uncon-
servative.

This type of problem is not new in vibration
testing, being virtually analogous to the old ar-
gument in stationary random testing as to
whether the test spectrum should simulate the
rms level or envelop the peaks that have a given
probability of being exceeded. It appears that
we are usually somewhat conservative and tend
towards the use of the latter criterion. Also,
we do not pay any attention to the correlation of
the peaks of the response modes. Clearly there
is no hard and fast set of rules that can be ap-
plied in every situation and the penalties in

cost, schedule, reliability, etc., should be con-
sidered (2).

EXPERIMENTAL DATA ON SHP
RESPONSE OF SIMPLE SYSTLMS

The program to obtain preliminary data on
this problem was carried out by MacNeal and
Barnoski on an analog computer (6). Broad-
band stationary random noise and the output of
an envelope generator were passed through a
multiplier to obtain the nonstationary excitation.
Figure 3 shows a typical example of the excita-
tion. This input was used to excite the electric
analog of both single and two degree of freedom
systems which were at rest when the excitation
started. The SHP was measured and the test
was repeated 100 times for each set of parame-
ters to obtain data on the distribution of the
SHP. Barnoski (8) has since repeated the work,
obtaining more data points to define the distri-
bution better, but his data are not yet generally
available. The data for the single degree of
freedom case have been presented in Ref. (9).
We shall now discuss typical results from Ref.
(6); this work is only the initial step and much
remains to be done.

The first point to note is that the SHP is
presented as a factor of the rms level, which is
desirable only when one is using a stationary
process, to obtain the nonstationary excitation
in the manner outlined above. In physical non-
stationary processes of this short burst variety,
the rms level fluctuates from one test to an-
other and, hence, variations in a, the ratio of
SHP to rms levels, reflect changes in both SHP
and rms. For very short duration inputs, rms
is not too meaningful. So one should then work
with values of the peaks themselves.

A sample of the results for the single de-
gree of freedom is given in Fig. 1, which illus-
trates how to obtain a shock test that gives the
required SHP. As an example, if we have a
system with Q = 20, excited by a rectangular
pulse of random noise, and T* = 1.0, the level
with a 0.01 probability of being exceeded is ap-
proximately 3.30. Any shock spectrum which
has this level at the system natural frequency
is acceptable. However, the practically attain-
able one most closely following the shock spec-
trum of the random process is obviously the
most desirable.

The data for two degrees of freedom are
only the beginning of what is needed to define
the problem completely but are described in
the following. The SHP to rms ratio, o, was
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obtained for each of the two modes individually,
and for the complete response of the following
system subjected to the rectangular burst of
excitation: f (A) = 159 cps, f (B) = 225 or 795
cps gives f (B)/f (A) = y2 and 5, respectively;
Q = 20 for both systems and T* = f_(A)7/Q =
0.25, 0.50, and 2.00 denoting excitation dura-
tions of 0.0314, 0.0628, and 0.2514 sec. The
ratio of rms response levels, o,/0, in the two
modes was 0.5, 1.0, and 2.0.

Figures 4 and 5 show a small sample of
the data obtained. The former gives the raw
data for F (a) vs the ratio of total peak re-
sponse to the rms of the total response. The
latter needs a little explanation. The cross-
hatched areas cover a scatter in the results
that is due to two entirely different sources.
First, the ratio of the rms levels of the two

modes affects the value of a slightly. Second,
the increase in the spread for relatively large
F(a) i8 due to the small number of trials (100)
and can be removed by taking more data. The
following comments are derived from these fig-
ures:

1. The SHP behavior appears to be slaved
to the higher mode, particularly when the natu-
ral frequencies are well separated. This is due
to the larger number of cycles per unit time in
the higher mode and is illustrated in Figs. 2
and 5.

2. The ratio op/0, has a small influence
ona.

3. Figure 2 presents an interesting sum-
mary of the parameters « vs T, with the results
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SHOCKS AND STATIONARY
RANDOM TESTING

The SHP could be used as a criterion of
test severity when both shock and random ac-
ceptance tests are called for. Conducting sat-
isfactory random tests is time consuming and
expensive and the question arises: '"Which is
the most severe ?'' If the SHP causes failure of
an item that is fragile only in a narrow fre-
quency range, it is possible to eliminate the
random test on the following basis.

A shock spectrum immediately gives the
response (SHP) at each frequency of interest.
Using Aspinwall’'s work and the description of
the random test, one simply computes

T* = {,T/Q, where T is now the duration of the
test, and decides the risk one wishes to take
(Fig. 6). Once this is done, one uses Fig. 7 to
obtain the SHP at each frequency over the range
of interest. This information, plotted on the
shock spectrum curve, gives effectively a sec-
ond shock spectrum and the single test shock
should be that which envelops all the data. This
can be illustrated by an example: a piece of
equipment is to be subjected to a half sine shock
of 200 g peak and 1.0 ms duration and a random
test of 5 sec duration, whose spectral density
between 20 and 2000 cps appears as straight
lines connecting the following points:

Frequency PSD (g?/cps)
20 0.1
400 0.3
1000 0.2
2000 0.1
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The shock spectrum and the 99th percentile of
the SHP response to the above random test are
illustrated in Fig. 7. The random test certainly
produces the larger peaks at the higher frequen-
cies. If we are restricted to half-sine pulses
and want a test that envelops both tests (we
might pick the 210 g, 0.8-ms pulse), we produce
a slight overtest over a large frequency band.
Using devices such as the shock spectrum syn-
thesizer (10), this situation can be greatly im-
proved.

CONCLUSIONS

1. In certain situations, particularly short
burst of random excitation, the single highest
peak of the response is the parameter which
decides the severity (damage) and should be
simulated in tests.

2. If nonstationary inputs are used in the
laboratory, the SHP varies from test to test.
This is undesirable for qualification and accep-
tance testing.

3. Therefore, it is suggested that shock
tests can be used in place of random tests to
enable one to control th: SHP and insure its
repetition from one test to another.

4. Both ti.c experimental determination of
the SHP and the shock test to simulate the re-
quired level are relatively simple. For multi-
degree of freedom systems, both problems are
far more complex and considerable work re-
mains to be done before they are satisfactorily
solved. One of the most important causes of
difficulty is the lack of correlation of the peaks
in the response modes. However, it must be
pointed out that this defect is also inherent in
random testing.
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DISCUSSION

Mr. Fowler (TRW Systems): Do not the
tests that you ultimately select depend on the
damping of the system you are testing ?

Mr. Bailie: Yes, certainly. I should have
said that Q equals 10 was assumed for that
particular example.

10

Mr. Fowler: Normally you do not have that
information before you select the test level.

Mr. Bailie: That is perfectly true, but in
defining a shock spectrum you are faced with
exactly the same problem. So it is certainly no
worse than the conventional shock test.

e g



10,000 G SLINGSHOT SHOCK TESTS ON A
MODIFIED SAND-DROP MACHINE

Sam Marshall and LaVerne Root
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Cedar Rapids, Jowa
and
Leonard Sackett
University of Michigan
Dearborn, Michigan

A MIL-5-4456 sand-drop shock testing machine was simply and inex-
pensively modified to obtain impact velocities exceeding 100 fps for
small test items. The large drop platform was replaced by one of sev-
eral smaller test fixtures required for the particular equipment to be
shock tested. The fixture and test item are accelerated by 3/4-in. di-
ameter shock cords resembling a slingshot, The fixture is guided in
its travel by 3/8-in. diameter steel rods. The guide rods and pulley
system were designed so that the spacing between the guide rods may
be varied for different size fixture requirements. The velocity attained
is dependent on the slingshot drop height and specimen plus fixture
weight, From a 10-ft drop height, with the shock cords elongated 100
percent, the machine will accelerate a 7-1b load to a terminal velocity
of 150 fps. Pulse shape and duration are determined by the impact
material type and configuration. A brief study of some component and
equipment shock fragility levels has been performed, and a summary of

2.kl ammmb;

the data is presented.

INTRODUCTION

To keep pace with the new applications for
components and equipment, shock test levels
have steadily increased until many present-day
requirements are beyond the capability of the
more common gravity fall shock testing ma-
chines.

A need has been experienced for a shock
machine with the capability of providing high g
levels of impact. As an example, additional
shock fragility data were required for a new
component application. The data could not be
obtained using the present shock machine which
had a maximum impact velocity of 15 fps. To
acquire the necessary information, a slingshot
type testing device was improvised. The de-
vice used an existing overhead hoist, an alumi-
num table, wire guide rods, and four lengths of
1/2-in. diameter shock cord. A maximum ve-
locity of 80 fps was attained.

Another example was an aircraft cockpit
voice recorder which required shock testing to
a half sine pulse of 1000 g amplitude and 5-ms
duration. The improvised slingshot machine

was not capable of accelerating the 43-1b load

to the required velocity of 50 fps. To perform
this test and similar tests for future require-

ments, an existing MIL-S-4456 shock machine
(sand-drop) was modified to attain higher im-

pact velocities.

Several limitations and design goals were
considered:

1. Modification cost, excluding Environ-
mental Department labor, of not more than
$1000;

2. Purchased parts to cost $100 per item;

3. Total height of 14 ft;

4. A 150-fps velocity capability for light-
weight drop fixtures;

5. A velocity measuring device;

6. A versatile guide and sling system to
allow a change in fixture size without a major
machine teardown;
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7. Use of original sand-drop machine parts
wherever possible; and

8. A machine base capable of withstanding
the energy levels generated.

DESIGN AND MODIFICATION

Shock cord was chosen as the accelerating
material (1). Various sizes were priced, and
the 3/4-in. diameter cord was found to nffer
the best capability within the budget linat. This
cord was evaluated for its ability to accelerate
a lightweight drop fixture to the design goal of
150 fps. Given the requirement for a terminal
velocity of 150 fps, it was calculated, from the
manufacturer's data, that the mass load could
be increased 35 percent by extending the origi-
nal drop height of the sand-drop machine from
7 to 10 ft. Figure 1 illustrates the energies
available from these two heights. Steel angle
beams, similar to the original beams, were
used to extend the machine frame to an overall
height of 14 ft. Figure 2 illustrates the sling-
shot machine.

By using a pulley network, the single length
of shock cord appears statically and dynamically
as two cords. Two major advantages are real-
ized from this configuration. The unstretched
shock cord length can be made nearly equal to
the machine height. Forces are equalized on
both sides of the drop table when being raised
or dropped (or in the event of cord breakage),
thus removing all bending moments from the
guide rods.

A pulley diameter of 4 in. was chosen to
provide a smooth bending radius for the shock
cord. Since the bottom set of pulleys are ac-
celerated to a high speed by the shock cord,
their weight was reduced as much as practical.
Aluminum plate stock 1-1/4 in. thick was used,
and the hub was bored to remove the unneces-
sary weight. (During evaluation of the machine,
further reduction in size and weight of lower
pulleys was required.) Roller bearings were
installed in the pulleys to decrease friction.

By using small diameter guide rods, the
surface area and the friction losses are mini-
mized. If a small diameter guide rod is not
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Fig. 1. Force deflection curves of shock machine
using 3/4-in. shock corus
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precisely aligned, it can be bowed slightly by
the drop fixture without binding on the fixture.
The guide rods selected were 3/8 in. in diame-
ter, 12 ft long, and were made from cold rolled
steel.

The guide rod ends and pulley systems
were fastened to four steel plates, so that each
rod end and a pulley are on a common plate.
These four plates were clamped in a manner
that would permit continuous spacing adjustment
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Slingshot shock machine

between the guide rods. This allows the drop
fixture size and weight to be minimized for each
individual test item. Spacing limits are cur-
rently 4-in. minimum to 14-in. maximum fix-
ture width.

Because of the limited budget, it was not
possible to cut the concrete floor and pour a
seismic mass; therefore, another means of
distributing the impact forces across the 8-in.
thick cement floor was necessary. Although



not an ideal seismic mass, a 420 1b steel plate
was salvaged from a discarded vibration fix-
ture and welded in place on the original sand
box floor. The anvil and the lower pulley plates
then were attached to this steel plate.

So that drop fixtures could be quickly
changed, the two end portions (guide assem-
blies) attached to the guide rods were made
separate from the drop fixture. Each guide
assembly (Fig. 3) is attached to the drop fixture
by six 3/8-in. socket-head cap screws. By re-
moving both assemblies, the drop fixture can be
easily replaced. If the new fixture is larger or
smaller in width, the pulley and guide rod plates
then are adjusted to the proper spacing. The
guide assembly bearing surface was bushed
with oilite bushings on both the top and bottom.
(During evaluation a new material for the lower
bushings had to be found.)

Fig. 3.

Drop table assembly

The original lift motor, gear box, cable
drum, and release mechanism of the sand-drop
machine are used. The increased drop height
necessitated a longer lift cable.

Two methods of attaching the release mech-
anism to the drop table have been used. In the
one case, an eye bolt (Fig. 3), similar to that
used in the sand-drop carriage, is installed in
the center of the drop fixture. When the test
item: is mounted on top center surface of the
drop fixture, a 1/2-in. nylon rope bridle is fas-
tened to opposite ends of the fixture as shown in
Fig. 4. Major advantages of using rope are its

14

Fig. 4. Drop fixture with
nylon rope lift assembly

low mass and the nonresonant properties of the
resultant lifting assembly.

The shock cord end is coated with a 1/8-in.
thick layer of polyurethane rubber and is then
clamped to the guide assembly by two straps
(Fig. 3). Each strap is attacl.ed to the guide
assembly by two 3/8-in. bolts. The rubber prz-
vents the clamps from cutting the cord and the
end fibers from [raying.

Several safety features have been incorpo-
rated. The machine is completely enclosed by
industrial fencing, and the bottom 5 ft is cov-
ered by plywood. The release mechanism is
interlocked with the access door so the drop
fixture cannot be released until the door is
closed completely.

INSTRUMENTATION

A light-beam system (2) is used to meas-
ure the terminal velocity. This system, illus-
trated in Fig. 5, has two physicians' head lamps
as the light sources and two photovoltaic diodes
(3) as the sensor elements. Sensor elements



Fig. 5.

Velocity measuring system

are located near the impact surface and are
vertically spaced 3-1/2 in. apart. The lamps
are positioned opposite the anvil from the sen-
sors and have the same vertical spacing as the
sensors. The illumination can be varied from
50 to 80 ft-c by adjusting the lamp voltage
and/or lamp focus. The output of the sensors
drive an electronic circuit (Fig. 6) which has a
nominal output of +11 v. As shown in Fig. 7,
the voltage drops to approximately +7 v when
the upper light beam is cut off by the passing
fixture. Whenever the lower light beam is cut
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Fig. 6. Light sensor circuit,
schematic diagram
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Fig. 7. Theoretical light sensor
circuit output pulse

off, the voltage rises to +15 v independently of
the state of the upper beam. Therefore, if the
electronic timer (Hewlett-Packard Model 524D
Counter with a Model 526B Time Unit) start and
stop threshold is +10 and +12 v, respectively,
the correct time interval will be recorded in-
dependent of the object size passing through the
light beams. The velocity measurement error
is estimated to be less than +5 percent. Fig-
ure 8 is an oscilloscope presentation of the
timing pulse.

Fig. 8. Oscilloscope
displayof light sensor
output pulse (0.5 ms/
div.,, 2 v/div.), time
indicated, 1.93 ms

The acceleration pulse is measured by the
system in Fig. 9. The accelerometer has been
shock calibrated by Endevco Corporation at
500, 3000, and 13,000 g. The sensitivity was
0.62, 0.63, and 0.61 mv/pk g respectively.
These sensitivities agree with the 50-cps sinus-
oidal calibration of 0.62 pk mv/pk g. The ca-
pacitance decade box is used as a variable
shunt capacitance to reduce the accelerometer
sensitivity to that desired for the particular
shock level input. The amplifier is used only
as a unity gain impedance match. The filter
bandwidth is nominally set at 0.2-cps low cutoff
and five times the expected pulse duration high
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block diagram

cutoff. The oscilloscope is operated at a max-
imum gain of 50 mv/cm.

EVALUATION OF MACHINE

The slingshot machine was evaluated for
impact pulse shape and duration limitations,
maximum velocity, and repeatability. The
present maximum velocity is 150 fps when
using a drop fixture weighing 6 1b. This is an
efficiency (meas.r2d velocity/theoretical ve-
locity) of 0.82 ana . 3 linear over the velocity
range of the machine.

Evaluation of impact materials has been
limited to 40 and less than 10 durometer rub-
ber and lead. The rubber pads consist of a
stack of 1/4-in. or 3/8-in. sheets and yield an
impact puise similar to a half sine wave as
shown in Figs. 10 and 11. A cylindrical shaped
lead pellet is used and yields a sawt h or
square shape pulse (Fig. 12), depena. .g on the
pellet dimensions. Distortion on the leading
edge of the shock pulse is decreased by reduc-
ing the initial impact area or by covering the
pad stack with a soft sponge material. Tests
performed to date have yielded shock pulse
amplitudes to 12,000 g and pulse durations from
0.3 to 40 ms.

As problems arose during machine evalua-
tion, various changes were made. High speed
movies of the pulley action showed that the
lower aluminum pulleys continued to rotate in
the downward table direction when the table was
actually rebounding. This action caused severe
cord stretch and failure at the point of clamp
attachment. Cord breakage occurred when
drops were made on 6 in. of rubber pad at
heights exceeding 4 ft. The effective mass of
the lower pulleys was decreased by substituting
2-in. diameter hardwood pulleys, which are be-
ing used with satisfactory results.
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Fig. 10. Shock pulse on 40 du-
rometer neoprene rubber pad
{8400 g and 1.2 ms at 150 fps)

After several high g shocks, the lower set
of oilite bushings sheared their retaining pins.
They were replaced with nylon bushings and
have proven to be very satisfactory. The upper
set of bushings also will be replaced with nylon.

To achieve a 150-fps terminal velocity, the
shock cord must be elongated 100 percent at the
maximum drop height of the fixture. This re-
quires that the cord be prestretched 18.5 per-
cent at the rest position. In an attempt to in-
crease the velocity, one test was made using a
cord with approximately 34 percent prestretch.
After one shock, the cord was broken in three
places. Cord life is in excess of 100 drops if
the stretch is kept less than 80 percent.

The fixture center of gravity for one test
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