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INTRODUCTORY PAPERS

THE IMPACT OF A DYNAMIC ENVIRONMENT

ON

FIFLD EXPFRIMENTATION*

Walter W. Hollist

U.S. Army Combat Developments Command
Fxperimentation Command
Fort Ord, California

Gentlemen:

Let me first thaak you for the invitation to
speak to you this morning. It is an honor and a
pleasure to be a part of this 39th Symposium on
Shock and Vibration. Since some of you may not
be familiar with the organization of which I am
a part, I have divided my remarks into two
parts. First, I will discuss the U.S. Army Com-
bat Developments Command Experimentation
Command and its mission, after which I shall
discuss some aspects of the interaction between
our field instrumentation and a dynamic envi-
ronment.

The U.S. Army Combat Developments Com-
mand Experimentation Con:mand, located at
Fort Ord, is a major subordinate command of
the Army’s Combat Developments Command.
Our parent command is charged with the mis-
sion of determining the answers to three seem-
ingly simple, but really very complex questions:

1. How should the Army by organized?
2. How should the Army fight?
3. How should the Army be equipped?

As you can appreciate, the magnitude of this
task is enormous since these questions must be
answered not only for today, but for next year
and succeeding years for more than 26 years
into the future. To assist in this task, the Com-
bat Deve!opments “ommand las many subor-
dinate commands, of which the Combat Develop-
ments Command Fxperimentation Command,
called CDEC for ease, is one.

We are the field laboratory of our parent
command. It i8 our task to generate scien-

tifically-derived data which will assist in pro-
viding answers to those three salient questions

1 mentioned earlier. Military field experimen-
tation is an adaptation of the well known and

well utilized academic investigative technique.
As with any experiment, our data must satisfy
three basic tests of value — objectivity, validity,
and reliability. Since the medium with which we
are experimenting is a complex interrelationship
between the soldier, his environment, his mate-
riel, the doctrine by which he fights, and the
organization within which he fights, the problems
associated with satisfaction of these tests of
value are unique, as you can imagine.

Just as our problem of experimental design
is unique, so is the laboratory in which we con-
duct our experiments. The CDFC Laboratory
is spread over a 120-mile range. The Labcra-
tory Headquarters and most of our personnel
are located at Fort Ord; however, most of our
experimens are executed at the Hunter Liggett
Military Reservation. Hunter Liggett includes
some 175,000 ac: - of ranges and maneuver
area. Representative terrain at Hunter Liggett
is shown in Figs. 1-3. Our attempt is, however,
to be flexible in our response to the demands of
experimentation. We have, for example, con-
ducted a field experiment in Panama and one in
Texas. The spectrum covered by our experi-
mentation program is broad. Recently we con-
cluded an evaluation of the utility of a new chap-
lain’s kit for use in conflicts such as the current
one in Southeast Asia, and we are now engaged
in an experiment intended to provide insights
into the most effective means of organizing and
arming the basic infantry element.

With this brief explanation of what CDFC is
and wn’ CDEC is, let me move into the primary

*An introductory address given at the 39th Shock and Vibration € ymposium.
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Fig. 1 - Huater Liggett Military Reservatioa {mountains)

Fig. 2 - Hunter Liggett Military Reservation (valleys)
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Fig. 3 - Hunter Liggett Military Peservation (rolling terrain)

subject of my discussion — the impact of a dy-
namic environment on field experimentation.
In addressing this subject I will give you a
broad qualitative rather than quantitative view
since the balance of your program will, I 2m
sure, provide you with sufficient mathematics.

To meet the test of validity, our investi-
gations must be conducted under condirions
which duplicate as closely as possible those of
actual field or combat operations. Therefore,
almost by definition, our experimental envi-
ronment is dynamic. Instrumentation used in
our experiments can generally be placed in
one of two categories. The first of these cate-
gories includes all instrumentation which is
carried by players in our experiments and the
second category includes all instrumentation
which i8 a part of the targets against which our
players operate.

In the first category of instrumentatiox,
we must have equipment which is capable of
functioning reliably and accurately in spite of
the rough and tumble treatment it will receive
in the course of the tactical play of the experi-
ment and which, at the same time, i8 riot of
such weight and volume as to interfere with the
execution of normal operating procedures or
tactical maneuvers by the player personnel.

In the second category of instrumentation the

weight and volume constraints are not as strin-
gent, but the environment is more severe since
the instrumentation is subjected to the induced
shock, vibration, and temperature environment

resulting from a projectile hit on the target. As
you can appreciate, the task of the instrumen-
tation design envineer in first identifying the
appropriate environmental limits and then de-
signing equipment to function in that environ-
ment i8 substantial.

Those responsible for this task at CDEC,
our Instrumentation Support Group, have been
quite successful. The unit shown in Fig. 4 is
the man portable responder unit which can both
send and receive information pertinent to player
activity. This unit is a part of a system by
which a record of player position, event, occur-
rence, and time of event occurrence is main-
tained. One component of this unit, not shown
in Fig. 4, is a probe which extends into the path
of the muzzle blast, senses the firiig of a round
and causes an appropriately coded signal to be
transmitted by the transponder unit. I think all
of you can appreciate the need for careful con-
sideration of the dynamic environment in the
design of such a device.

In the area of instrumentation for the in-
dividual soldier, we are now engaged in a de-
velopment program for a direct fire weapon
simulator, Fig. 5, which will permit us to con-
du- * more realistic two-sided maneuvers than
can be conducted at the present time. This de-
vice will be based upon the use of a pulse-coded
gallilum arsenide laser beam which will be used
as the *“bullet” of the simulator. For realism,
the soldier firing the simulator will simulta-
neously fire a blank cartridge from his weapon.
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Fig. 4 - Man portable responder unit

Figure 5
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Fig. 6 - “Pop-up” personnel target

The recoil of the weapon and force of the ham- aluminum and any vibraticn inducea in the tar-
mer striking the firing pin cause vertical ac- get as & result of a projectile hit could cause
celerations to the weapon which may cause the the registration of ' alse hits.” Study of this
laser beam to miss the target since the logic potential problem led to the overcoating of the
of the simulator requires that three messages forward side of the tar get with a cellular rub-
be transmitted by the weapon and received by her which effectively jamps the induced vibra-
the target in order to register a hit. The prob- tion below a level to which the hit sensing
lem here, of course, is to identify accurately mechanism is sensitive.
the timing sequence of all the actions which
cause the vertical accelerations, identify the In the same category of instrumentation a
amount of time during which the hammer is potentially more difficult problem to solve is
falling, and then transmit the necessary laser associated with our requirement for a vehicular
messages in that time interval. target system which wiil be representative of a
so-callid *“hard target,” that is, a tank or ar-

In the second category, I mentioned one of mored fersonnel carrier. This vehicular “pop-
our principal items of instrumentation in the up” target must be capable of withstanding the
“pop-up® personnel target, Fig. 6. This target shock impact resulting from a direct hit from
is the target we now employ on our “live fire” a projectile fired by a tank in main armament,
ranges. The target is instrumented to record be capable of sustaining more than one hit with-
hits and/or near misses from rifle fire, ma- out destruction, and, of course, be economical
chine gun fire, and from the shrapnel caused to acquire. Our preliminary investigation into
by the detonation of 40-mm grenades. The this problem indicates that atarget constructed
construction of this target system permits of fluted cardboard may be the answer; however,
protection of most of the instrumentation this investigation i8 far from complete as I
within the coffin; however, the target itself is speak to you today.

5

T i)



DR, BENDAT

We want this panel discussion to
be an informal, extemporaneous, and
informative discussion about work that
has been going on for the last six
years, This is the first public pres-
entation on the results of this par-
ticular S2 Standards Committee to
document and recommend standard methods
for analyzing and presenting shock and
vibration data, based on current usage
and current understanding of the
sctivities and the developments in the
field. This work started in 1962 and
3 the first Chairman was Dr. Charles
F Crede from Cal Tech., Dr., Crede headed
a committee of which Dr. Curtis, Dr.
Rubin, myself and others were members.
Unfortunately when Dr. Crede died some
four years ago, the work was still in
an early phase, so we continued, and
I was asked to take over as Chairman.

Many other pecple assisted us who
represented a cross section of differ-
ent interest groups from Government
and Industry in the U,S, As the
writing proceeded, it was necessary
to send preliminary drafts to these

people for their comments, criticism
and suggestions, This work went quite
slowly and its only heen in the last
two days that we can nox finally state
that our work is Jjust about over.
There was a meeting of the full S2
Committee here in Asilowar on Tuesday
afternoon and at that time the last
material that had been submitted by

this committee was approved, to be
transmitted to the U.S.A. Standards
Institute for final action and ultimate
distribution as a USASI Standard.

I might mention that besides the

TRANSCRIPT OF PANEL DISCUSSION
ON PROPOSED USASI STANDARD ON METHODS FOR
ANALYSIS AND PRESENTATION OF SHOCK AND VIBRATION DATA

Julius S. Bendat
Measurement Analysis Corporation
Los Angeles, California

Allen J. Curtis
Hughes Aircraft Corporation
Culver City, California

three of us who were going to give this
presentation today (we're sorry that
Dr. Rubin is unable to attend), other
people who have been involved reviewing
and approving the work include L, L.
Beranek. S, Edelman, C. A, Golueke,

H. H. Himelblau, D, C. Kennard, D.
ituster, W, W. Mutch, M., L. Stoner,

H. E. von Glerke, representing groups
from the Department of Defense, the
American Society of Mechanical Engi-
neers, the Acoustical Society of
America, National Bureau of Standards,
Institute of Electrical-Electronic
Engineers, Society of Automotive Engi-
neers, Institute of Environmental
Sciences, National Electric Manufac-
turers Asesociation, and so on.

Now, what has resulted from this
effort is a Standard of some 49 pages
that includes a definite statement of
the purpose and scope, every word
carefully chosen. There is a iisting
¢f some 50 symbols which are used
repeatedly. This does not constitute
standardization of the symbols, it
Just means that we use them, we recom-
ment them, others are using them,

This list doesn't replace the use of
other symbols found elsewhere in some
other Standard or in some other work.
Also, there is a 1ist of some hundred
definitions of different terminology
that appears throughout the literature
and a2 great deal of current work.

This includes definitions of some terms
which have appeared in previous Stand-
ards, 8o that we merely followod
previous work; other definitions have
had to be written for the first time.
These are in alphabetical order and go
all the way from "acceleration" through
many of the terms that we will mention
later this norning up to the last term
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of Weakly Self Stationary Deta." Some
of these may be new to certain people
here but they have become well enough
understood now to be incorporated in
such a Standard.

We also have a fairly comprehen-
sive block diagram of recommended datn
analyses and presentations - sort of
overall considerations that you should
have in mind regardless of your appli-
cation. This has been distributed to
each of you here for reference (see
slides). It doesn't necessarily mean
that you will follow every block in
the diagram, but you should be aware
of them and should use those that are
pertinent to a particular applicaticn.
This is one or some twenty diagrams in
the Standard. The other diagrams in
the Standard give greater details for
individual blocks, different ways to
compute certain of the functions or
ways in which to display the results,

There is no attempt in this
Standard to restrict anyone in the
use of any particular equipment,
analog, hybrid or digital, or to use
any special computer data analysis
program. There is no attempt to state
specifically what parameters you should
choose; these matters have to be deter-
mined as a result of a great deal of
other work that would go salong with
these ideas. There are some references
given to pertinent literature, and
there is a great deal of emphasis on
requirements that you should keep in
mind,

These particular types of analyses
and presentations are the ones that we
consider fairly basic, fairly standard,
and we feel there is no reason any
more for people to be using these con-
cepts in different ways. Confusion
exists when the same term has a 4if-
ferent interpretation on the part of
different people. There were a number
of points of view that had to be con-
sidered in this Standard and we tried
as hard as we could to reconcile the
various groups. Different people, of
course, you know, have difrerent needs
and it is quite difficult as we
learned over a four year history to
get the agreement that we finally did
achieve, so we are very pleased at the
acceptance that has been obtained.

I want to emphasize again the
fact that this Standard contains a
number of very basic analysis proce-
dures and basic data presentaticn
méthods. Deviations are going to
occur &nd will legitimately occur for
many special applications, but I think

the requirement on people in the

future who deviate from some of these
recommendations will be that they must
Justify their deviations. It is not a
wholesome situation anymore when people
are computing, for example, correlation
functions or spectral density functions
by a number of different methods with-
out taking into consideration some of
the basic requirements to make sure

that other people who will examine their

work can properly interpret it. The
analysis must te conducted in an
accepted fashion and enough parameters
must be made available to the analyst
so he can do some appropriate error
analysis for the displayed results if
he so desires. Error analysis consid-
erations are implied in the Standard.
However, the exact procedures for
carrying out error analysis were not
in a state where they could be stand-
ardized as such.

The document, I think, will
strike a very responsive chord in the
mind of many people who have long felt
a need for this material. It's our
hope that as it becomes circulated, it
will facilitate the application of
these techniques to not only problems
in shock and vibration but in many
other fields as well. As a matter of
fact, although there are many terms
here that are restricted to shock and
vibration, the actual scope of the
Standeard is broader, and would refer
to random data regardless of the field
in which it's obtained. I might
briefly read a few words that state
the purpose nnd scope of this document.

PURPOSE

"This Standard is designed to
acquaint the user with general princi-
ples of the analysis and presentation
of shock and vibration data, and to
describe concisely several methods of
reducing data to forms that can be
applied and used in subsequent analy-
ses, The Standard includes references
to the technical literature for eluci-
dation of applicable mathematical
principles or where ready explanations
are not available in the literature,
an outline of applicable principles.”

SCOPE

"T.is Standard covers vibration
in the following idealized classes
which are defined in Section 2.2. a.
periodic vibration, b. aperiodic vib-
ration, c. random vibration, and d,
transient vibration (including shock).
It is assumed that the data are avail-
able as time-histories of a variable
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associated with shock and vibration,
for example, acceleration, velocity,
force, and so forth and that any dis-
tortion resulting from the transducer,
recording system, etc., has been elim-
inated. It is recognized that in many
instances the vibration does not con-
form to this classification but rather
consists of combinations of two or
more classea, Suggestions are given
for separating classes as a necessary
step in data analysis."

The purpose, the scope, and other
details in the Standard represent the
results on which we were able to obtain
this general agreement that I men-
tioned. How Dr. Curtis or myself
might apply some of these ideas, or
how some of you might apply these
ideas might be worthwhile additions,
but they were not in a form, in a
general enough way to be included in
the Standard. I think, in our later
discussion, we will have to be very
careful to state what is in the Stand-
ard, as opposed to other practices not
in the Standard (that we are aware of)
which are used by some people.

We have only three slides that
we want to show and then we will open
up the session to discussion. The
three slides are a breakdown of the
figure which has been passed out to
you. You will note that there are,
first of all, many steps involving
classification and data qualification
prior to the time that you actually
do any specific analysis. Then there
are six blocks across of different
types of analysis., I would like to
start out by discussing the initial
preparation and classification of data,
and then Dr. Curtls will go into some
details of specific types of analysis
and presentations.

SLIDE NO, 1

You will note that we start out
with some time-history. The word time-
history is descriptive only. You may
prefer to call it the vibration, record,
waveform or signal, it really doesn't
matter, I think time-history is used
by enough people, and we understand
that it is some indication of behavior
of the particular phencmena in question.
It's a function of an independent
variable which may be time or any other
variable which can take the place of
time. Our job is to analyze in as much
detail as is needed for a particular
applicaticn, the amplitude properties,
frequency properties, and time related
properties as might be contained in
the data.

There are many extensions of ideas
that are not in the Standard - we are
very careful to restrict ourcelves in
the Standard to analysis of either
individual records or to pairs of
reccrds. You may want to get more
information about an individual record
ag & result of being able to duplicate
the analysis on similar results from
other experiments. There is some
discussion here of Jjoint statistical
properties such as cross-correlation
and cross-spectral density analysis,
but we don't go into discussion of
transfer functions or frequency
response functions vhich represent
important applications that you might
want to make of spectral or cross-
spectral results.

In the first part of the Standard,
the top part of this diagram, you will
note that the data needs to be sepa-
rated out into three main types. The
first type of data is transient, which
means that its properties will die
down. Next is periodic data, as
defined classically, which goes on
forever, Third is data which visually
at least may nct appear to be periodic
or transient, so it needs to be studied
further. We call this third type
continuing non-periodic data.

There are three special test
blocks that may be required, but the
actual procedure for carrying out the
test for randomness, or the iast for
stationarity, or the test for normality,
are not in the Standard. There are
different ways that people are cur-
rently using for these tests and we
didn't feel it appropriate at this
stage of the game to standardize any
of these tests, We merely wanted to
indicate herez that there is a need
for such tests, It is necessary, in
general, to qualify the data before
you can do the later analysis to be
sure that you are analyzing what you
think you are analyzing.

A test for randomness is to sepa-
rate out the random from the non-
random components in the continuing
nonperiodic data., It might be ignored
by some trained analysts, but this
omission is seldom recommended. It
doesn't have to be a statistical test,
it can be a practical test, fairly
elementary. The actual ways in which
you might carry out the test for
randomness are not a part of the
Standard,

The most important test require-
ment is probably the test for station-
arity. Again this test is not in a




form that can be standardized, but

here we definitely want to separate

out non-stationary components from
stationary components. All of these
terms are defined in the Standaru and
we don't have time here to give a
course or to go into these matters,

I hope it will still be clear what's
involved in our discussion. If the
data is non-stationary, it must be
analyzed by special methods which would
be peculiar to the particular type of
non-stationarity. One such method
which we felt is in pretty good shape
has been included in the Standard,
namely, a magnitude-time analysis
which Dr. Curtis will discuss. There
are many other procedures for analyzing
non-stationary data - which are not in
the Standard - that should be used
where appropriate in current work, If
the data does pass the test for sta-
tionarity, considering a single record,
we really have the idea of weakly self-
stationary data in mind. For usual
cases of self-stationarity, this means
that we are considering only the sta-
tionarity of this one record rather
than the st&tionarity of a collection
of records.

For weakly self-stationary data,
there are certain types of accepted
well-known analyses that have been in
the field now for wmany years: statis-
tical analysis, correlation analysis,
spectral analysis. Basic results for
these types of analyses are described
in the Standard, the definitions of
various terms, typical displays;
results that we feel are so well
established that there is a requirement
on the part of everybody concerned to
use these methods. Where you might
go further into applications of these
particular results, or in developing
other special functions, you would be
doing your own individual creative
work.

Periodic data is deterministic
data for which fairly classical well-
known procedures are available, since
there are explicit mathematical for-
mulas to describe the properties, as
opposed to random data which must be
handled by probability or statistical
techniques. Some of these accepted
recognized procedures are in the
Standard for analyzing periodic data.
Finally, the analysis and presentation
of transient data, also aperiodic data
and shock data, can be standardized
by means of Fourier or shock spectrum
analysis techniques which are widely
used, as discussed in the Standard.

The first discussion, and the
first emphasis on data classification,
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is really the guideline for overall
considerations. After applying needed
tests, as you perform the subsequent
analysis, we point out in the Standard
the importance of keeping track of
various parameters, so that somebody
that follows you who wants to do some
further detailed error analysis of a
statistical sort would have the neces-
sary parameters. I would like to turn
over the discussion now to Dr. Curtis
who will go into some of the detailed
analysis and presentation recommenda-
tions.

DR, CURTIS
SLIDE NO, 2

This slide again is just a certain
part of the road map, if you will,
that we handed out to you and includes
all the blocks under weakly self-
stationary data. It says that you've
gone through this classification pro-
cess, you've determined that it is
weakiy self-stationary data, and under
here we try to indicate the kinds of
analyses that can, possibly should,
be done. Now you can separate these
into three major kinds: statistical
analysis, correlation analysis, and
spectral analysis. Now these three
are interrelated, as I am sure you are
aware, sir = the performance of cor-
relation aualysis gives you some
indication of the statistical charac-
teristics of the signal and so in
effect helps you in the statistical
analysis. Likewise, for stationary
data, it's possible to derive the
spectral density plot from an auto-
correlation analysis, and so they are
again interrelated.

Under each of these three major
classifications we indicate again
sub-classifications of data analysis
and the last line then describes the
ways in which data after it has been
analyzed in the prescribed way, should
te presented. Now, we have not sug-
gested vhat coordinate scales you
should use or even particularly what
physical units you should use, but
we have indicated the kinds of units
you should use, More particularly,
we have said and we hope through this
document that we can help standardize
the information which is included on
a particuler data plot. For example,
an incomplete spectral density plot
is one that does not give you some
information about the bandwidth used
for analysis, that does not tell you
the length of the data sample, or if
you used a sweep filter, for instance,
that does not define the sweep rate ~*
the filter. We have indicated througho
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the Standard the requirements for com-
plete data presentation so that some-
body else car interpret what you did,
Presumably if you do analysis, it's

for understanding not only by yourself,
but somebody else as well.

Under statistical analysis, we
describe the principles, or some prin-
ciples by which, this may be conducted.
These principles apply equally well
whether you are interested in the sta-
tistical nature of the instantaneous
value of this time history, or the peak
or maxima of the time-history. You can
do this in two ways: you can look at
the probability density of the signsl
which, for example, says what percent-
age of the time is the signal within
a certain megnitude window, or you can
look at the probability distribution
which says what percentage of the time
does the signal exceed a certain value,
As I am sure you will remember, the
probability distribution can be obtained
as the integral of the probability
density. When you have conducted such
an analysis, then we indicate that
probably a desirable analysis to per-
form is to compare thc probability
density or the distribution to the
normal distribution to indeed check
that you have a Gaussian distribution
or how far you've strayed from that.

The third block is a little more
exotic, the joint probability analysis,
where you take two signals and you are
computing their joint statistical or
common statistical properties. The
data presentation here, of course, be-
comes a three dimensional plot which
is a little more difficult, but the
Standard does indicate what is neces-
sary to do.

The correlation analysis breaks
down into two types. First, autocor-
relation, where one looks at the rela-
tionship for a single record between
the values that it obtains a certain
time interval apart as one varies that
time interval. Whereas, for cross-
correlation, you have two signals and
you are looking for the relationship
as a function of a time shift, between
the values of those two signals,

Spectral analysis breaks down
into two kinds of analyses and a third
one which is sort of a product of the
other two. e have a power spectral
density function shown as the first
analysis, The word power, of course,
can sometimes be questioned. It is
perhaps a matter of personal taste and

‘there is some thought that perhaps we

should make thi¢ more symmetrical by
calling it autospectral analysis. We
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don't require this in the Standard but
autocpectral dencity analysis is re-
lated to the autocorrelation function
analysis, and here we are looking to
find out what are the frequency char-
acteristics of the signal. 1In cross-
spectral analysis, it's a similar type
except we have two records and we want
to look at the frequency characteris-
tics of these two signals simultaneously,
and thie kind of analysis is closely
related to c¢ross-correlation anslysis.
In other words, for correlation analy-
sis you do things in the time domain
whereas for spectral density znalysis
you do things in the frequency domain.

Coherence funciion, which may not
be familiar to all of you, is a func-
tion of frequency which is numerically
the ratio of the square of the magni-
tude of the cross-spectral density to
the product of the autospectral den-
sities (or power-spectral densities)
of the individual signals. 1In all
cases, we have indicated how ycu ought
to present these kinds of data after
you have conducted the analyses shown
in the middle row.

SLIDE NO. 3

This was to be Sheldon Rubin's
slide until about half an hour ago.
I'1l try to walk you through what is
the remaining part of the road map in
a few minutes. We have one class of
data, and have indicated that a simple
analysis that can be done with this
type of data is magnitude-time analy-
sis., Here one is saying the magnitude
of the signal, or the intensity of
the signal, is varying as a function
of time and you wish to examine the
way in which it does vary. What you
would like to do then is look at the
variation of some representative
characteristic of the signal as a
function of time. This might be the
overall RMS value, it might be the
spectral density within some restricted
bandwidth, or any other characteristic
of your choice. You can do this in
two ways: you can break up the signal
into successive small time increments
and calculate the value for each incre-
ment and look at this as a function
of time, or you can look at a sort of
a running average, if you will,

If you examine the right side of
the slide, you see we have periodic
data and aperiodic data both feeding
into spectral analysis, but in this
case it is spectral analysis for a
deterministic signal rather than the
random signal shown on the last slide.
You can break these types of data into
periodic data or multi-sinusoidal data.
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Now by multi-sinusoidal data, we mean

a signal which is composed of the super-

position of a numbei o sine waves;
however, they are not hermonically
related, and so it then is an aperiodic
signal though composed of sine waves.
Periodic and multi-sinusoidal data
classically give you a Fourier line
spectrum and one computes the magnitude
and phase for each of these sinusoidal
components.,

Aperiodic data and transient data
on the other hand yield a continuous
opectrum and one conducts a Fourler
transform analysis here and the data
may be pre:ented as the real and imagi-
nary parts of the Fourier _uatinuous
spectrum or if you wish, the magnitude
and phase as a function of frequency.

The last kind of analysis included
in the road map and described in the
Standard is shock spectrum analysis.

We have described the way in which the
shock spectrum analysis is conducted.
You can plot several types of zhock
spectra. For instance, you can look
at only the positive values «.f the
spectra, or you can look at both the

positiv: and the negative values., Also,

you can look at what is called the
primary shock spectrum (in other words,
the shock spectrum which one obtains
while the transient is in process), you
can look at the residual shock spectrum
which is a plot of the responsc maxima
after the translent, has died away, or
you can look at the overall shock
spectrum (the shock spectrum which in-
cludes the maxime both during and after
the transient).

We point out in the Standard that
with any shock spectrum analysis, one
has to select the damping factor or
the Q for the single-degree-of-freedom
systems used in the analysis. The Q
used in the shock spectrum analysis
has to be defined on the data presenta-
tion and if you like, of course, you
can repeat the analysis several times
and come up with a family of curves for
different Q's. Basically, two kinds of
presentation are described: the first

is a response-frequency plot in Cartesian

coordinates, The second kind requires
a four coordinate plot which is partic-

ularly useful for shock spectrum presen-

tatlon wherein, as a function of fre-
quency, there is displayed the pseudo-

velocity, the maximum relative displace-

ment, and the equivalent static
acceleration.

QUESTIONS AND ANSWERS

guestion: Attendee from TRW
an you explain to us exactly how

and rerhaps more important why we
should difcriminate between non-
stationary data and transient data?

Answer: Dr. Bendat

T™Is Is a good question. Tran-
sient data can be considered to be a
special type of non-stationary data
for certain applications and can be
treated by some particular non-
stationary analysis method. The fact
remains, however, that many people do
analyze transient data by taking a
Fourier transform, or perform some
shock spectrum analysis without getting
involved in more advanced considerations
of non-stationarity. On the other hand,
non-stationary data in general would
not have Fourier transforms and must
be analyzed differently than the usual
transient date.

Answer: Dr. Curtis -

T can glve an example where a
non-stationary signal would certainly
not be considered a transient. You
all know what a shock is - but if we
had a recording of the vibration in a
missile, a continuous recording during
which the flight conditicns of the
missile or perhaps the airplane were
changing continuously - I think that
would be a non-stationary kind of sig-
nal but where I rather doubt you would
treat it as a transient.

Answer: Dr. Bendat

There are overlapping areas here
vwhere you may take certain data and
put it ir more than one category. We
stated that at the very beginning of
this discussion. You can analyze the
data by different approaches as eppro-
priate to the given application. In
this Standard, wz 1list accepted methods !
for analyzing data which would be
classified as transient, periodic or
non-periodic. ‘fhe non-periodic would
be divided down further into finding
out :eally why it is non-periodic. The !
distinction between stationary and non- ]
stationary is a critical one because
anybody that analyzes nhon-stationary
data by the accepted techniques of
weakly stationary data is doing incor- .
rect work, is losing sight of vital
information, If data is non-station-
ary, it would have statistical proper-
ties which vary as a function of time,
whereas weakly stationary methods, on
the other hand, give you results which
are independent of time. There is a
complete separation in techniques and
interpretations between these two
classes of data.

.

Question: Attendee from NSRDC

WIIT the guide or Standard as
publishcd assume that the user knows
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why he will use this Standcrd or do you
provide guidance and examples of why
you would do certain types of analysis
in order to get certain types of presen-
tations?

Answer: Dr. Bendat

The Standard does not replac:. the
need for understanding obasic concepts
or preactical knowledge on the part of
the user. It is very restricted in
scope. ‘fhe user must supply his own
Justification for why he wants to do
any part of the analysis that he might
conduct., Application areas as such
are not included in the Standard.

This Standard can be used for many
different application areas. I know
of other work goiag on in Oceanography,
Communicaticns, Seismology, etc., which
also require the same ideas that are
included in the Standard. I think
that it would be very difficult, ir
not impossible, to get agreement on
these matters from as many people who
have been involved in this over the
past six years if we tried to stand-
ardize particular applications or
particular interpretations. I am
amazed and really very pleased at the
final results of this sustained effort,
that we were able to get agreement on
what is contained in the Standard.
There are many guidelines here, many
valuable ideas, and many things are
implied besides what is actually stated
in the Standard, but what is stated is
very specific on recommended ways in
which to use certain terms and the
recommended ways to carrv out certain
analyses, 1isting important parameters
and displaying results,

Question: Attendee from Aerospace
Corperation
€ Joint probability distribution
that is included, is it for two signals
or for more than two signals?

Answer: Dr. Curtis
ou aske e joint probability

was for more than two signals. The
material in the Standard resiricts it-
self to how to compute the Jjoint
probability distribution for two sig-
nals only. It does rnot explore the
more general case,

8uestigg
en do you hope to have this
Standard in efrfect?

Answer: Dr. Bendat

Well, as 1 mentioned, two days
ago we received approval here from
the S2 Cormittee on our last draft
of the Standard, and were authorized
to submit it to the United States of
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America Standards Institute for their
final action and distribution., I
don't xnow how fast they are able to
move, We ourselves are now essentially
through with our contributions and
expect to send this material to the
Standards Institute within the next
thirty days. Those of you that may
be interested in getting a copy be-
cause of your current work can obtain
one by writing to me in Los Angeles.

There is a lot of room that's
still left in this rield in the way
of future Standards aud future applica-
tions. There are many challenges and
spportunities for different people
who have different facilities who will
actually carry out the work. There
is no restriction in this Standard
at all - as we said - on the use of
any particular instruments or any
particular digital computer programs.
However, if you want to have a compre-
hensive capability, then clearly we
have stated here at least the minimum
requirements that should be available
to you. Which perticular types of
analyses you would conduct will vary
considerably from user to user. No-
body in his right mind should ever
take any raw data and go through and
compute all of these functions. It
would be a waste of a great deal of
effort. On the other hand, if yocu
only collect data and immediately do
a power spectral density analysis,
that would also be wrong because no-
body covld interpret the results. You
muct qualify data along the way to
make sure that any particular analysis
is appropriate to that particular
data for some specific application.

On this positive note, the session
is adjourned.

Lob wana A, o e O rel
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TRANSPORTATION AND PACKAGING

THE BUMP TESTING OF MILITARY SIGNALS EQUIPMENT
IN THE UNITED KINGDOM

W. Childs
Signals Research and Development Establishment,
Ministry of Technology, United Kingdom.

shortcomings.

The paper explains the need for mechanical proofing tests on equip-
ments, sub-assemblies and components and briefly describes the first
bump test machine built to carry out such tests, and the machine's

The characteristics of the current British bump test and the reasons
for its form are dealt with, leadirng to the design and manufacture of
the 501b and 2501b machines cu-rently used in the U.K. capable of
applying the test. The design, operation and performance testing of
these machines is dealt with in some detail.

The need for ruggedised equipment need
hardly be stressed; for whatever its use,
military or commercial, at some stage it will
be subjected to rough treatment while being
transported by road, rail or air.

However my remarks today centre mainly
on the standards required for military equip-
ment and give some account of the circum-
stances which have l~d to the adoption of what
the U.K. classify s a "Bump' Test.

During the early part of World War 11
there was a high failure rate of signal equip-
ment caused by transportation. Equipment
was frequently carried unpacked, loose, on
the floors of trucks travelling cress-country.
The same hazard applied to equipments,
normally fixed, but removed and taken locze
in trucks to base workshops for repair. Under
these conditions the most severe bumping was
experienced, and the most serious damage
occurred.

This high failure rate showed the need for
mechanical proofing tests for new equipments,
sub-assemblies and components.
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The responsibility for these tests was
handled by the Inspectorate of Electrical and
Mechanical Engineering (I.E. M,E.), who
produced the first bump test machine.

HARD RUBBER
BUFFER STOPS
CONTROLLING
AMPLITUDE OF
TABLE

HAND OPERATED
CONTROL FOR
LIFTING TABLE
OFF DRIVING
CAMS

FIGURE 1. THE FIRST BUMP TEST MACHINE

LIFTING
CAMS

This machine, shown at Figure | was in
use for several years and the experience
gained from it demonstrated the necessity to
rationalise the test. Engineers had criticised
the machine's performance, mainly on the
ground that test results were not repeatable.




This criticism was justified when the cally designed rubter anvil. The anvil and

machine's performance characteristics were link arms are so positicned that at the instant
examined. The machine produced secondary of impact the ram motion is vertical and the
shocks varying in magnitude and duration link arms parallel to the face of the anvil.

during the free drop and cam pick-up periods.
Such a random test negates the whole concept
of controlled laboratory environmental tests
within defined parameters, fully instrumen-
tated to produce positive evidence of an equip-
ment's capability.

Environmental tests must be designed to
simulate with reasonable accuracy, certain
characteristics likely to be met in service, and
provide repeatable ccasistent measurement.

It is imperative that a bump test machine
should be capable of producing repeatable
results.

The British Bump Test is one in which the
equipment is subjected to a specified number of
shocks, ir other words it is a periodic bump
test, although each individual bump is 2 sepa-
rate entity and the shock applied is a non- FIGURE 2. THE 50l1b BUMP TEST MACHINE
periodic function.

The drop height and lift of the table is con-

Machines capaso.e of providing the re- trolled by the setting of an adjustable tappet
quired performance are the S,R,D,E, Bump fixed to the ram. The tappet, has a nylon tip
Test Machines. Two machines were designed, and is lifted by the cam, the bearings of which
the 501b and 2501b machines, the weights are resiliently mounted. The driving force is
referring to the maximum pay load. These applied through a torsional resilient coupling.
machines are now widely known and used in a These precautions, nylon tip, resilient
number of countries as a standard for robust- mountings and coupling assist in the smooth
ness testing for military signals equipment. pick up and release of the table necessary to

reduce impact between the cam and tappet to

The performance requirements for the an acceptable level.
new machines were based on the experience
gained during the use of the early machine The machine is calibrated under full pay
and the results of field investigations, and load conditions, ballast weights totalling 501b
these in turn were written into the Ministry being firmly secured to the table. The ballast
of Defence, Specification DEF. 133 as the weights must be smooth and flat so as to
performance requirements for Bump Test eliminate contact vibrations. In some
Machines. The specification states briefly, instances it has been found necessary to have
"The waveform of the impact deceleration the interfaces of the weights nylon coated.
shall approximate to one half-cycle of a sine
wave, mean peak value 40g + 4g. The dura- The accelerometsr response illustrated
tion shall be 6 + ) milliseconds. The ampli- at Figure 3 was obtained from a piezo-electric
tude of any waveform distortion shall not transducer mounted on the table and it covers
exceed 20 per cent of its fundamental wave- one complete cycle of operation. Secondary
form. At all other points in the cycle the impacts due to cam pick-up and release are
maximgm acceleration shall not exceed 10g'. negligible and well within specification re-

quirements. On close examination they can

The S.R.D. E, 50lb Bur.p Test Machine however, be detected. This fact is most use-
at Figure 2 was designed for the robustaess ful in that it enables the machines perfor-
testing of small equipments, sub-assemblies mance to be closely controlled. The ampli-
and components with a maximum weight of tude of the cam impact on pick-up can be
501b. The cast aluminium test table, 12 x 12 observed, and if excessive, be reduced to
inches and integral ram are freely mounted by acceptable level by adjusting the running speed
two parallel motion link arms to vertical so that the cam meets the tappet more or less
members of the base frame so as to drop on the peak of its bounce rise. The cam re-
freely with a rectilinear motion onto a specifi- lease can also be identified and the measure-
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e

ment of the time between releass and impact is
the time taken to rdrop one inch, from which
the velocity on impact can be caiculated.

TABLE OISPLACENENT

FREE DROP

IHPACY‘\\E‘
BOUNCE 'CAM PICK UP

.
.

T—iie 1

N i CAM PICK UP
mus\i‘ :n P

TIME BASE
FIGURE 3. ACCELEROMETER RESPONSE

This information provided by the accelero-
meter response enables the performance of
the machinese on delivery, installation, and
during use to be closely controlled and stan-
dardised. For example, if the drop time was
too slow one would irnmediately examine the
link arm bearings for sti‘fness, lack of oil,
etc.

The 2501b Bump Test Machine, shown it
Figure 4, has a 2ft square cast aluminium -op,
box sectioned with fabricated integral ram,
and is freely mounted by two parallel link arms
to the base frame in a similar manner to the
501b machine. Ballast weights, ten 25lb units,
nylon coated on interface surfaces are carried

FIGURE 4. THE 2501b BUMP TEST MACHINE
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insidz the ram thus ieaving the whole of the
table area free of obstructions, unlike the 501b
machine where the ballast is carried on the
table.

The table lift is governed by a variable
pivot, rocker motion cam, actuated arnd driven
by a geared $ H.P. D.C. motor. The cam is
designed to pick up the table at a predeter-
mined rebound position following the impact
and to lift it to wae required drop height. The
rocker mechanism is incorporated to ensure
the came smooth lift characteriotics over the
adjustable drop height, range 0.25 to 1.25
inches. The drop height is preset by a coin
slot screw situated at the foot of the base
frame. Bump repetition rate is governed by
a motor speed control and enables correct
synchronisation of cam lift with table bounce
within the impact repetition rate of 2 to 4
bumps per second for a particular test condi-
tion. A foot pedal is provided to determine
the table pay load by reading a calibrated
gauge situated at the base of the machine when
the pedal is pressed with the machine at rest.
A preset counter with "cut out' switch incor-
porated is used to control the number of bumps
per test. Within limits, other bump impact
conditions can be obtained by varying the
heights of drop, the pay load including ballast,
or the Shore hardness of the anvil.

The project, the rationalisation of the
Bump Test and Bump Test Machine was under-
taken by S.R.D. E. successfully to the extent
that a performance specification for a test
machine is now published by the British
Standards Institution, BS. No. 3585. Interest
in such a test requirement has been stimulated
internationally via International Electro-
technical Committee (1.E.C.) and N.A, T, O,
and naturally opinions on the value of the test
are divided, not so much on technical grounds,
but largely because individual countries were
deeply committed to alternative forms of
testing, mainly one form of shock test or
another. However there is reason to Lelieve
that a large measure of agreement exists in
that the bump and shock tests are complemen-
tary, for example, there is uo suggestion that
the bump tes: ranroduces the characteristics
of = pavachute landing, but does more readily
simulate shocks expe;rienced by electronic
equipment during Su.rvice Use, handling, cross
country transport :ind the effects of shunting
(railroad humping) as confirmed by a study in
the U.K. by Export Packaging Services (E.P.S.)
and the Fighting Vehicle Research and Develop-
ment Establishment (F,V.R.D.E,).

The results of this investigation revealed




that loose pieces of equipment up to 100 1b in
weight experience shock levels of up to 100 g
when trar.sported under hazardous conditions,
across rough country. Duration of significant
impacts range from 5 to 35 milliseconds. The
occurrence of bumps above the 40g level are
relatively few and we consider that these would
be adequately covered by the Drop and Push-
over Tests. By far the greater number of
bumps experienced during these trials which
covered several types of Army transport
vehicles driven at various speeds over poor
road, pave and rough cross country terrain
were of the order of 40g and less. Thus it
wou'd appear that the choice of the 40g impact,
duration 6 milliseconds, would be of sufficient
severity for use as a standard for robustness
testing. The results obtained from transport-
ing a piece of equipment loose in a 3 ton truck
over rough country are graphically illustrated
in Figure 5.

OCCURENCE OF SNOCKS SHARPLY REDUCING.
6 OWLY ISOLATED SNOCKS OF BETWEEA 40-606.
ANPLITUSE ARG OF 5 O IS mSECONDS DURATION.

FIGURE 5. GRAPHIC REPRESENTATION OF
SHOCK LEVELS MEASURED ON AN EQUIP-
MENT TRANSPORTED LOOSE IN A 3-TON
TRUCK OVER ROUGH TERRAIN.

Many of you may feel concerned that the
adoption of such a bump test universally might
adversely effect the economics of equipment
development. Experience in the U. K. has
shown that this is not so, since, in fact, any
equipment structure built on sound engineering
principles will certainly survive the 40g con-
dition. Any higher levels, for example 80g,
would, we agree, result in a severe rise in
development costs. It is interesting to note
that certain manufacturers, mainly of domestic
equipment have adopted a 20g test. The
number of bumps, 4,000 has been the basis of
an acceptable relationship between the life of
the equipment and cost of construction - good
engine¢ring construction in relation to cost
factor.

The Bump Test is included in all our
environmental specifications for new equip-
ments which are liable ta be transported
loosely and not permanently fixed in the
vehicle. It is applied at temperature extremes
-40°C and +50°C with solar radiation covering
transport in open vehicles.

It is also used in an abbreviated form,
100 bumps, as a shake down test during
factory inspection. This augments the re-
moval of foreign matter, for example loose
bits of solder, nuts and etc., and helps to
reveal faulty workmanship, dry soldered con-
nections, poor welding, loose nuts and bolts
and badly mounted components. The produc-
tion qualification tests are then applied and
finally we should have a robust equipment
capable of reliable performance in the field.
This is the British Bump Test.

British Crown copyright, reproduced with the
permission of the Controller, Her Britannic
Majesty's Stationery Dffice.

DISCUSSION

Mr. Swanson (MTS Systems Corp.): Could ,
you elaborate on the transverse bumping? For
instance, in service the radio looked as though
it got a few sideways jolts. How do you check
out the transverse effects ?

Mr. Childs: You only saw part of the bump
test.” It Is applled in each of three planes. 1f

there are three planes on which it can stand, it

gets 3000 bumps in each of those planes.
Mr. Swanson: All to the same g-level?
Mr. Childs: Yes.




NLABS SHIPPING HAZARDS RECORDER STATUS AND FUTURE

PLANS

Denis J. O'Sullivan, Jr.
U. S. Army Natick Laboratories
Natick, Massachusetts

The paper describes the basic recorder unit developed by NLABS
to measure the shipping hazards that packages encounter in
worldwide distribution and storage. Also described are the
transducers used with the basic recorder to measure velocity,
temperature, humidity, static load, dynamic load and acceleration,
The status of the program is presented along with future plans

and the results of the limited test shipment,

INTRCDUCTION

There is a continuing need within the
Department of Defense for reliable in-
formation on conditions encountered by
military supplies during worldwide distribu-
tion and storage. In 1955 an Ad Hoc Commit-
tee was established to collect the information
but was deactivated in 1963 due to the lack of
suitable recording instrumentation to measure
the desired conditions, As a result today's
packaging design engineer has to rely on
""empirical and nebulous criteria" established
through experience, to design e.cective
packages. In most instances the packages
have excellent protective qualities but are
overpacked, resulting in excessive material
and labor cost. In some instances they are
underdesigned resulting in damaged contents,

Aboat 5 years ago, in an attempt to pro-
vide the packaging engineer the necessary
information, the U, S, Army Natick
Laboratories established a design criteria
program to devise the ways and means
required to meas.re and record the shipping
hazards encountered by military supplies
during worldwide distribution and storage,

A contract was awarded to determine the
availability of suitable recording unite that
would meet the following requirements:

1. Be compact.
2. Have a large memory bank.

3. Be capable of long periods of
unattended operation,

19

4. Be compatible with automatic data
processing equipment.

5. Be able to distinguish clearly be-
tween each shock input.

6. Be able to distingyish between
positive and negative shock inputs.

7. Have a time code,

The study showed that no commercial
recorders were available and work was be-
gun to develop a recorder to measure five
parameters:

1. Shock (Droe -Height) o

Venetos (1) has indicated that the
greatest damage to a container is likely to
occur when the container is dropped during
a handling operation, Therefore, the
packaging engineer must have available an
expression of the magnitude of the shocks
incurred by the container., It was determined
that the measurement of velocity would be
the most useful. Knowing the velocity, the
impact energy which protective packaging
must absorb can be calculated, Also,
velocity can readily be converted to an equiv-
alent drop height (V = VZgh /) which
can be directly related to many coniainer
testing procedures based on the free-fall
impacting of containers.

2. Temperature,

While there is much data on the
climatic conditions in various parts of the




world, the actual temperature in the interior
of the package is unknown. :

3. Humiditl.

As in the case of temperature, the
actual humidity in the interior of the package
is unknown.

4. Static Load.

The static load that a container is
subjected to, must be measured in order to
insure that container will be 4esigned to
withstand these compressive loads.

5. I_)&mic Load,

The forces acting upon a container,
when it is subjected to a shock from another
container being dropped on it or when it imi-
pacts against the wall of a truck or train, are
a determining factor in the life of the con-
tainer. This is the least available type of
data required by the designer,

A basic magnetic tape recording
unit along with transducers to measure
velocity, temperature and humidity was
developed. Further work resulted in the de-
velopment of a static load transducer system
and a dynamic load transducer system. As
a result of the work accomplished to date
there are availaBle three types of recorder
systems utilizing the same basic tape
recording unit. They are:

1. Shock- Vslocity (Drop-Height)
Recorder, —

This will record only the peak
velocity independent of drcp surface from
three mutually perpendicalar planes. This
recorder is shock actuated, i.e., the signal
is recorded when the shock occurs,

2. Combination Recorder.

This will record temperature in
OF., humidity in percent relative humidity,
and static load in pounds. It is time actuated
a reading being taken every hour.

3. Dynamic Load Recorder.

This will record the peak dynamic
superimposed loads in pounds that containers
experience when subjected to impacts by
other containers or pallet loads subjected
to impacts by other pallet loads. The
results will reflent the effect of both mass
and impact surface,

The data stored in the magnetic
tape is retrieved using a data retrieval
and processing system. This system con-
verts the velocity analogs to equivalent
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velocity showing both magnitude and
direction. The vectors are combined
electronically to give a resultant drop height
axpressed in inches. The temperature and
humidity are expressed in OF. and percent
relative humidity, respectively, and plotted
graphically with respect to time by a two-
coordinate plotter, The static & dynamic
superimposed loads are expressed in force
(pounds) and the information obtained from
all recorders is related to time.

After retrieval the information
collected will be statiatically analyzed to
provide quantitative data for use in the
design of containers and testing procedures,
Eventually the data will be consolidated in
table form, From the statigtical tables
developed the engineer can predict, for the
confidence level desired, how many times
the package will be impacted, from what
height, the ®mperature and humidity
extremes expected and the compressive
strength desired. Based on these predictiom,
criteria can be established for use in labora-
tory free-fall testing methods, conditioning
rooms, and compression machines,

BASIC RECORDER UNIT

The basic recording unit (Figure 1)
meets all the design parameters previously
outlined, It consists basically of:

1. Spring-loaded magnetic tape
supply and take up reels.

2. A four-channel in-line tape
recording head.

3. A rotary stepping motor to advance
the tape 1/16th of an inch for each data input,

4. A 45-volt D.C, power supply.

5. Solid-state circuitry to provide
the proper electrical triggering impulses
for advancing the stepping motor.

It is a small self-contained unit (6-3/4 x
8 x 9 inches) weighing app roximately 10
pounds that will record up to 16, 000 events
on magnetic tape while operating unattended
in the field for periods of up to five months,
The recording unit is shock mounted within
six 1-inch-thick polyurethane foam pads and
contains a small 45-volt D, C. power supply.
Although analytical and experimental studies
indicate that both the battery and shock
mounting system are adequate under even
the extreme conditions, it is desirable,
wherever possible, to use a larger capacity
battery as well as additional cushioning pads
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Figure 1, Basic Recording Unit
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A timing circuit ie incorporated into the
recorder to actuate the advancing electronics
at either one hour or six hour intervals. A
Bulova Accutron timer closes a switch at
the predetermined time causing a pulse to be
fed to the recording head and recorded on the
magnetic tape as a timing mark. This pulse
also energizes the digimotor which advances
the magnetic tape 1/16th of an inch. The
recording of parameters can either be time
actuated, as in the case of the combination
recorder, or force actuated. In the latter
cage, in addition to the time marks, the pubes
generated by the measuring transducer are
recorded. These pulses after being
recorded on magnetic tape actuate the advanc-
ing electronics without generating a time
pulse, thus allowing the analyzer to deter-
mine the approximate time the ¢vent took
place.

The recording process is unique in that,
unlike conventional recorders, the record-
ing is done while the tape is stationary., As
a result there is minimal constant drain
across the battery allowing the recorder to
be used for prolonged periods of time with
its small, lightweight, power supply. There
was no information available on character-
istics of recording on tape while stationary,
The process was developed in-house,
Laboratory tesfs showed that by using high
quality instrumentation, tape inputs of from
50 millivolts D, C. to 260 millivolts D.C.
(Figure 2) could be recorded while still
remaining in the linear portion of the tape.
By electronically conditioning the signal
from the transducer to be compatible with
the linear portion of the tape, tue desired
range of values can be recorded with the
greatest accuracy.

When the basic recorder is married to
a set of transducers with conditioning
electronics, it assumes the identity of the
parameterts) being measured. Work on
three types of recorders have been com-
pleted,

1. Shock-Velocity (Drop-Height)
Recorder.

The theoretical design and
development of the velocity (drop-height)
transducer (Figure 3) was previously
discussed by Venetos (1) and will not be
repeated here, The transducer consists of
a teflon-coated permancnt Alnico-V
magnet, spring mounted within an aluminum
tube and housed in a low permeability sleeve
to prevent stray magnetic fields from
affecting the signal output, The helical
compression spring is fabricated from
non-magnetic monel wire, The entire
system has a natural frequency of 10 He.
The transducer is 1-1/16 inches in diameter
and 7 inches long, weighs 1 pound and is
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capable of measuring drop heights from 3 to
48 inches and half sine shock pulses of up to
30 milliseconds (Figure 4).

Six of these transducers, along with
conditioning electronics, are joined to the
basic recorder to {orm the shock-velocity
(drop-height) recorder. On impact, the
signal generated by the transducer is fed
through an actuating switch circuit which,
if the signal exceeds that produced by a
3-inch drop, is turned on until the maximum
nignal is produced and recorded. The
threshold level is set at 3 inches to prevent
recording of low level impacts of constant
frequencies such as those common to rail
or truck transportation. This allows grzater
usage of the tape for recording meaningful
data. Activation of the switch circuit causes
a series of transistors to be biased into
conduction, This provides a path for the
power supply to discharge through the
digimotor which is actuated and advances
the tape. Another electronic switch, which
blocks all secondary signals to the recording
head for a period of two seconds, is set into
operation by the current pulse associated
with the operation of the digimotor. This
pulse causes a series of transistors con-
nected in parallel between the transducer
coil and recording head, to conduct current
which effectively shorts or grounds all
secondary signals before they reach the
recording head (see Figure 5). In this
way the secondary signals caused by
oscillation of the magnet after impact as
well as those caused by rolling or toppling
of the container have no effect on the
recorded signal,

Using this method, positive and
negative signals are recorded on three
channels, one for each axis. The fourth
channel is used to record a timing pulse
either once each hour or once every six
hours,

2. Combination Recorder.

The combination recorder contains
circuitry and transducers to record
temperature, humidity and static load. This
recorder unlike the shack-velocity (drop-
height) recorder, is time actuated, a
reading being taken every hour. The
time pulse is fed to the input of a uni-
vibrator as shown in Figure 6. The output
of a uni-vibrator appears as a 100-milli-
second 12-volt rectangular pulse, which
is used to operate both the temperature and
humidity electronics as well as to actuate
the static load power supply modul:. Since
the uni-vibrator is normally off, ths 12-
volt power supply experieunces little current
drain. When a positive input pulse is fed
to the uni-vibrator it produces a rectangular
pulse whose duration ia dependent upon an
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internal RC time constant and whose amph-
tude depends upon the operating pcteutil?.
The output of the uni-vibrator is fed to the
temperature sensor which consists of a volt-
age regulator and a bridge circuit and te

the humidity transducer consiating of 2
voltage regulator and an amplifier, The
bridge circuit of the temperature sensor
contains two temperature dependent
thermistors and two equivalent calibration
resistors. The output of the amplifier in

the humidity sensor, is dependent upon the
input bias which is a function of the electro-
humidity transducer. The static load

power supply modules, activated by the
pulse from the uni-vibrator, supplies pulse
excitation to the static load cell bridge
whose output is proportional -~ the load
being measured. This output is then ampli-
fied, converted to a D.C. level and fed to
the recording head, Using these transducers
the combination recorder is capable of
measuring temperature from -500F. to
+1500F ., humidity from 10% R.H. to 90% R, H.
and static loads from 0 to 6000 pounds. A
calibration curve for the static load system
is presented in Figure 7.

3. Dynamic Load Recorder,

The dynamic load recorder con-
sists of the basic recording unit married to
three seta of dynamic load transducers
mounted in three mutually perpendicular
planes. The operation of this recorder is
simiizar to the static load portion of the com-
bination rocorder except that it is force
actuated., The transducers, each consisting
of four load cells connected in series, can
be used to measure both static and dynamic
loads,

DATA RETRIEVAL SYSTEM

The tapes containing data are processed
using a data retrieval system (Figure 8),
The data recorded is in the form of pulses
whose amplitude and polarity are proportion-
al to the paramct:r being measured. The
system accepts data from the four parallel
data channels, three containing analog data
and the fourth ~ontaining timing information.
Each analog data point coneists of either a
positive leading pulse or negative leading
pulse in which the pezk amplitude is pro-
portional to some physical quantity, The
amplitude and polarity of the leading
data pulse is recognized, measured and
recorded by the system. A fourth analog
data channel is generated in the system
by combining the velocity vectors from the
three velocity channels and computing the
equivalent impact height, At least one of
the four input channels from the tape muet
contain iaformation befbre the system will
generate a read command,
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The system consists of a control panel,
a tape playback unit, a programmer, an
analog to digital converter, a high-speed
electro-optical printer, a two-pen recorder,
and power supply racks. With the exception
of the programmer and the control pane], all
the equipment is commercially available.
The programmer serves to interface and
conirol the various equipment and consists
of commercially available plug-in digital
models. Some special circuitry used in
this unit for signal conditioning and control
are built on plug-in boards similar to the
purchased logic piug-in boards.

Using this system, the tape is played
back at 1-7/8 ips and the pulses fed to the
peak memory drivers (Figure 9). The initial
print signal is then fed to the high-speed
optical printer initiating a line of print.
Simultaneously, the peak signal amplitude
is rtored by the peak memory, scaled to
engineeriny units by the output ampliriers,
and fed to the analog to digital converter
in proper scquence as determined by feed-
back from the electro-optical printer,
When the retrieval system is used for the
velocity modse, the signa) output from the
peak memory is alro f»% through a set of
squares to summing amplifiers and then
to the multiplex sequencer. Specifications
for the system are as follows:

1. Three Modes of Operation:
a. Velocity.

b. Combination (Temperature,
Humidity and Static Load),

c. Dynamic Load,
2. Logging rate-30 lines/sec.

3. Input rate up to 150 data pulses/
sec.

4. Time to retrieve and process six
months of data (57, 000 data puls2s maximum)
less than 10 minutes.

5. System Accuracy - £1%, full

scale.
6. Stability-Drift from Calibration -
0.05%/day
0. 01%/9C,
STATUS

Development work on the shock (drop-
height) recovder and combination recorder
has been completed. The shock recorder
is estimated to cost less than $2500 each.
The dynamic load recorder is 90%
comglete,
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Work on an acceleration recorder is
continuing at the Natick Laboratories. The
recorder will measure and record the
deceleration forces, ir gravitational units,
that packaged items received during
transportation and storage.

LIMITED TESTS

A limited field test shipment from
Natick Laboratories to Fort Lee, Virginia,
with an intermediate stop at Tobyhanna
Ordnance Depot was made using the 12
shock (drop-height) recorders. The test
shipmant consisted in part of 512 No. 10
can sise containers each of imitation maple
syrup,(gross weight 60 pounds), dried
dehydrated potatces, (gross weight 21 pournds),
and peas, (gross weight 47 pounds). In
addition 20 unitized loads, 40 x 48 x 54-1/2
inches, (gross weight 1840 pounds), were also
included in the shipment, Nine individual
shipping cases were instrumented with the
shock recorders, three each weighted to
simulate the cases of imitation maple syrup,
dried dehydrated potatoes and peas. Three
of the unit loads were also instrumenied with
recorders,

Analysis of the data received indicated
that the intensity and frequency of occurrence
of handling shocks may b2 far less than is
commonly assumed, Test data also in-
dicated that palletization of supply items is
effective in reducing the shock hazards
which containers experience in shipment,

The average diop-height was found to be
14 inches with a maximum of 28 inches. The
containers were subjected to 18 handlings
apiece and were subjected to two to three
impacts each. Some minor deficiencies
were noted during the tezc, Most notable
was a high quiescent current drain which
decreased battery life considerably. This
drain was traced to the activating switch
which has been redesigned o reduce this
drain tenfold.

FUTURE PLANS

At present, the most effective method
of using the various recorders hzs not been
determined. Test shipments are not caly
costly and time consuming, but probably
do not give a true indication as to what is
actually happening in the field. The largest
amount of significant information could be
obtained in the shortest period of time by
placing the recorders in actual shipments.
It is planned to establish a Data Gathering
Program, with participation by other
Government Agencies as well as industry.
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In concept, participants would include
recorders in shipments made by them, and
furnish the resulting magnetic tapes together
with other pertinent information regarding
the shipments to the Natick Laboratories.
The tapes would then be processed and a
copy of the print-out in digital form furnished
to the shipper. Recorders would be acquired
by the participants at their own expense
using manufacturing data furnished by the
Government or by loan of Government-owned
recorders o the extent available. In this
manner, a considerable amount of data
would be acquired in a relatively short
period,
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NORMAL AND ABNORMAL DYNAMIC ENVIRONMENTS ENCOUNTERED
IN TRUCK TRANSPORTATION

J. T. Foley
Sandia Laboratories
Albujuerque, New Mexico

Dynamic input to cargo on a 2-1/2-ton flatbed truck was measured in
both normal and abnormal environments. The load consisted of a
distributed-mass dummy mounted on an isolated pallet, Instrumenta-
tion consisted of the ELI 31 portable environmental sampler used in
conjunction with plezoelectric transducers located ahead of and benind
the truck/load interface. Vibran and Spectra are the data reduction
formats selected to portray the events. Data taken at the "input-to-
cargo interface'' during the tests were :ategorized and evaluated by
the Sandia Laboratories Environmental Criteria Group.

INTRODUCTION

Research into the frequency of occurrence
of situaticns encountered in truck transportation
indicated that certain incidents may occur that
border on "accident' situations, These situa-
tions, producing transient, high-amplitude ac-
celerations, may be a prime contributor to .a-
tastrophic failures of rigidly tied-down car jo
or fragile structures mounted on mitigating
pallets.

This study exemplifies the application of
some approaches to environmental measure-~
ments, data reduction, and methods of interpre-
tation which have been developed by the Environ-
mental Criteria Group at Sandia Laboratories
over the past nine years {1, 2, 3]. Special re-
search-type tests have been devised to supple-
ment a continual search for environmental data
published in reports, papers, and articles [2,
4,5, 6, 7. The testing efforts relate environ-
mental intensities and durations to events which
may take place during the expected use of a
product and include presentation of data in a
manner which is useful to design, development,
test, and reliability engineers [1, 2, 8].

This work was supported by the United

States Atomic Energy Commission,
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TEST PROCEDURES

In this series of tests, a 2-1/2-ton flat-
bed truck was loaded with cargo which con-
sisted of a distributed-mass dummy mounted
on an isolated pallet (Figs. 1, 2, and 3). In-
strumentation consisted of the ELI 31 portable
environmental sampler (Fig. 4) [9] used in con-
junction with piezoelectric transducers located
ahead of and behind the truck/load interface on
main numbers of the truck bed.

Fig. 1 - Truck used in tests




Fig. 2 - Load in truck tests Fig. 3 - Load in truck tests

Fig. 4 - £LI 31 portable environmental sampler
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The general procedure was to drive over
the route chosen, isolate certain conditions
which might produce unique dynamic environ-
ments, and sample the events, The route
started in Amarillo, Texas, and continued
west to the Texas /New Mexico border on U.S.
66 and Interstate 40, Events sampled along
this route which were considered normal
environments were:

1, Backing up tc loading dock across RR
tracks (Fig. 5). (Vibran)

2. Driving to weighing station over a series
of RR tracks, (Vibran and Spectra)

J. Going into a dip at 15 mph, (Vibran)

4, Driving from a low, level road to a
raised road. {(Vibran)

5. Driving onto bad overpass at 50-55 mph,
(Vibran)

6. Driving on heavily patched asphalt high-
way at 50 mpn, (Vibran)

7. Driving on access road parallel to inter--

state highway. (Vibran)

8. Driving on srnooth blacktop, four-lane

interstate highway at 50, 55, and 35 mph.

(Vibran)

9. Driving in paved construction zone at 45
and 55 mph, (Vibran)

10, Driving on rough blacktop at 60 mph.
(Vibran)

Fig. 5 - Loading dock and railroad track
employed in tests
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TABLE 1

Truck Test Instrumentation Directory
Calibrate Values on Data Tape

ELI 31
Channel
No. Location in Te._.
1 V - Truck bed, aft of pallet on (2

2 L - Truck bed, aft of pallet on ¢
3 V - Truck bed, fwd of pallet on §,
4 L - Truck bed, fwd of pallet on §,
5 T - Truck bed, fwd of pallet on §,
6 L - L% rear, load mount

7 V - Left rear, load mount

8 T - Right front, load mount

9 V - Right front, load mount
10 L - Top of dummy load
11 T - Top of dummy load
12 V - Top of dummy load
13 480-cps servo time base
14 Voice channel
Instruments:

V = vertical axis ELI 31 recorder

L = longitudinal axis Dictaphone

T = transverse axis Citizen's band trans-
ceivers

Samples taken in a second series were of

abnormal situations which might occur along the

route and which could produce severe environ-
mental inputs, These were as follows:

1, Colliding with loading dock. (Spectra)

2. Driving over RR tracks at high speed,
45 and 50 mph, (Spectra)

3. Driving with two wheels on the shoulder
at 45 mph, (Vibran)

4. Driving completely on the shoulder at 45
mph. (Vibran)

5. Driving off the road in desert brush
(Fig. 6). (Vibran)

6. Driving into a dip at 50 mph, (Vibran)

7. Driving onto the median of an interstate
highway (turning around). (Vibran)

8. Hitting po. holes in a truck stop at 45 to
50 mph, (Spectra)

9. Driving on a dirt road at 45 mph. (Vi-
bran)

10, Running over a cattle guard at 45 mph
(Fig. 7). (Spectra)

Shae = g




Fig. 6 - Dirt road and desert brush in area
where tests were conducted

Fig. 7 - Typical cattle guard over which
environments were sampled

DATA REDUCTION

The descriptive terms, Vibran (vibration
analysis) and Spectra (response spectra of
single-degree-of-freedom systems), indicate
the data reduction format selected to portray
the event [2, 3, 4], Figure 8 is an example of
the Vibran data format. Spectra data format
is illustrated in Figs. 10, 12, 14, 16, and 18,
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DATA EVALUATION - NORMAL ENVIRON-
MENTS

Long-Duration Phenomena -- Program
Vidar (Vibran data reduction [2]) was utilized to
analyze the normal environments of long dura-
tion. The following functions were performed:

1. The vertical axis was selected as being
the axis in which maximum acceleration
levels were detected.

2. The Vibran data from the two truck-bed
vertical pickup locations were combined
into a composlte acceleration density des-
cription of the dynamic environment for
each of the normal events sampled

3. A tabulation of frejuency of occurrence
of road types [2} was used as a guide to
obtain weighting factors for each of *he
ten events. These weighting factors were
then applied in the production of a com-
posite acceleration probability density
description of the envir~uament produced
in the vertical axis at the truck/load
interface, Table 2 gives the resultast
acceleration probability description of a
trip in which these ten road types would
be encountered. Table 3 lists the weight-
ing fac ors that were applied to each road
type when generating the composite en-
vironment description.

Transient Phenomena -- One normal
event, considered to be sufficiently transient to
warrant analysis in terms of shock spectra,
was the crossing of railroad tracks at slow
gspeed, Figure 9 presents the vertical g-time
history of this event; Figure 10 presents the
resultant shock spectra, with the responding
single-degree-of-freedorm. systems assumed to
have critical damping ratios of 0, 0,03, and
0. 10,

In general, spectra depict the response
transient truck transpori environments taken at
the payload/truck-bed interface are interpreted

by the Envircnmental Criteria Group as follows:

1. Shock apectra picture the response
severity on cargo.

2, The 0,03 damping spectrum is an esti-
mate of the response severity produced
on nonisolated cargo systems,

3. The 0.10 damping spectrum is an esti-
mate of the response severity produced
on isolated or mitigated cargo systems,

N
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ACCELERATION DISTRIBUTION, PERCENT

3.2 | 5.8
2.3 | 0.00
1.63] 2.94 Driving off road in deseri brush,
= 1.2 | 0.00 ]
z
Q ¢.86| 0.00
1}
=
Z 0.62( 0.00
)
S 0.a3] 0.00 | 1.36
0
<
50.11 5.93 | 9.4 0.52
o 0. 0.42] 0.0 | 0.7
& g.gp|14-60 1609 10.33
o
0.173s.29 24,341 1.76 | o0.78} 0.13 £.69 a1| s.es| 0.00
0.12]14.68 [16.20{ 11,83 | 3.01] 1.92 0.13] 0.10 15,431 0.8%
0.i0| 20,61 | 32,46} 66.39 | 96.27 | 97.88 | 99.50 [ 84.05| 99.05 | 87.71] 77,25 | s9.15
Fzaquency 0~ 3- 10- 20- 30- 43- 60~ 87- 125- 17%-  250-
crs ) 10 20 30 48 60 H 125 173 %0 330
o, of Pzaks
Counted
7% 227 01 62 (3} 7% 1701 2321 3270 4170

Totsl No. of Beaks Counted:_15, 026

Fig. 8 - Example of Vibran format

4., The 0,0 spectrum is an estimate of the
up~er limit of response severity which
.y be achieved in the first application
of a series of pulses of the type from
which spectra were obtained regardless
of the damping which may be present in
the system,

5. In specific evaluations, cargo responses

greater than those predicted for 0,0
damping indicate that it is questionable

whether the system under consideration
approached a single~degree~of-freedom

system,

The shock spectra shown in Figure 10

DATA EVALUATION - ABNORMAL ENVIRON-
MENTS

Long-Duration Phenomena -- The follow-

ing events were considered to occur over a
period of time which precluded their interpre-

tation

i

.

(S I

as transient phenomena:

Driving with two wheels on the shoulder
at 45 mph,

. Driving completely on the shoulder at

45 mpi.
Driving off the road in desert brush.

Oriving into a dip at 30 mph,

are those derived for the pickup location at the
rear location on the truck bed. These spectra
envelop the spectra obtained at the forward

location on the truck bed and are, therefore,
considered to represent the greatest vertical
axis response severity relative to location of

cargo on the truck bed,

36

lane highway,

=]

Turning around on the median of a four-

Driving on a dirt road a: 45 mph.

j
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Program Vif - was ualzed to analyze 2. A probability description was derived of
these events ir the following manner: the environment that would be experi-
enced if all these events occurred on a
trip where each event was considered
equally likely to occur., Table 4 vrovides
this description,

i, Vibran reductions of the vertical axis
pi.kup locations were combined to pro-
viie a description of the "input-tc-load
environment’ for each event,

TABLE 4

Composite of Alli Abnormal Conditions
(Vertical axis, forward and aft locations)

PROBABILITY OF OCCURKENCE, PERCENT

Y T
]
p— _
3.2 .
.3
. l.8% .
3
z 1.2
2
: 0.86 0.03
#
a3 0.62 0.24
w
9]
(&J Q.45 1.8 0.41¢ 0.0¢
E 0.32] 1.% 3.61| 0.92 0.761 0,14 .05 3.71§ 18,43
a
S 0.23]16.67 {16.41] 5.0 2.32] 0.% 0.37 2.27| 0.97 | 15.1¢] 23.10 1.59
0.17]15.13 | 24.37117.13 8,971 8.02 5.06 5.94!] 1,39 | 3.0 16.9 $.41
0.12]118.%% 16,33} 23.82 | 21.75124,%6 | 12.98 | 14.22] 9.96 | 23.03] 13.15 | 19.88
0,10 52,55 | 37,20} 44,97 | 45,00 | 66.37 | 81,71 | 77.62) 86.72 } 34.20| 20.43 | 70,12
Traqueacy 0- 5- 0 20- 30- (35 6~ a7- 125- 175-  250-
crs 3 10 20 X [} 60 L N 125 175 250 350

* Net acceleration probability distributions
less than 0, 07 % are not reported,

Total Ko, of Peake Countad: 93, 177
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Transient Phenomena -- Four events in
the abnormal category evaluated as transient
phenomena were (1) collision wi'h loading
docks, (2} crossing railroad tracks at high
speed, (3) crossing a cattle guard at high and
low speeds, and (4) hitting pot holes at high
speed.

1, Collision With Loading Dock

Collision with a loading dock has a
characteristic which separates this event from
other truck transport pheromena evaluated in
these tests, The longitudinal, not the vertical,
axis produces the greatest response severity.
Figure 11 shows the g-time history of this event,
and Fig. 12 shows the derived shock spectra
from a truck-bed location,

2, Crossing Raiiroad Tracks at High Speeds

Figures 13 and 14 show the g-time
history and spectra obtained at a cross speed of
45 mph., As in other environmental events of
this nature, shocks at the aft location on the
truck bed are the most severe, and the vertical
axis is, again, the "governing' axis.

Response severity during crossings o
railroad tracks, however, may not be consist-
ent for all possible cargo systems. A compari-
son with shock spectra ootained when crossing
tracks slcwly from a stop (Figs. ¢ and 10) indi-
cates that low-speed crossings may have a
greater response severity for low natural-
frequency cargo systems and that high-speed
crossings have a greater response severity for
high natural-frequency cargo systems,

The g-time histories of railro~d cros-
sings indicatc that the characteristic environ-
men: is one of repetitive shock, For this rea-
son, it would appear that the environment
would be represented best by (1) the 0 damping
spectrum foilowed by (2) either the 0,03 or
0.10 damping spectrum, depending upon
whether a mitigated or nonmitigated cargo
system is bcing evaluated,
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3. Crossing a Cattle Guard at High and Low
Speeds

Figures 14 and 15 present the g-time
histories and spectra obtained during cattle-
guard crossings from the rearward (vertical)
truck-bed location, Both the time histories and
spectra indicate a remarkable similarity to
raili oad crossings. As a result of the compari-
son, our present interpretation ir that this en-
vironment is not unique and that its potential
effects on cargo are the same as those effects
produced in crossing railroad tracks.

4, Hitting Pot Holes at High Speed

The pot holes encountered in this test
were in the unpaved parking area of a truck
stop. They consisted of depressions caused by
trucks atanding when the surface was wet, wheel
spin, and ruts formed under braking conditions,
as well ag ridged ground irregularities produced
by general wind and water action. For a con-
siderable distance l-ading to this area, the
paved highway was very smooth blacktop,
straight and level, with a posted 60-mph epeed
limit., This situation made it possible for a
vehicle to approach a truck stop at @ high rate
of speed and turn into an abrupt collection of
irregularities with little or no reduction in its
highway velucity. A nominal velocity of 45 mph
was chosen for sampling this evert,

During this event, the ELI 31 recording
system (weight, 90 pounds), which was resting
on a foam plastic pad, separated from the pad
and came to rest on the truck floor, moving a
distance of about 3 feet in the plane of the truck
bed. Vertical height traversed by the recorder
was estimated to be of the order of 2 to 4 inches,
This vertical travel estimate was inferred from
passenger response in the truck cab.

Figures 17 and 18 present the g-time
history aud spectra obtained during tnis event,
Again, the vertical axis and the aft location on
the truck bed prcduced the governing severity
of response,

A comparison of response severity for
this event with all other events sampled in
these tests indicates that pot holes and bumps
are potentially the most severe transient verti-
cal environment that cargo will encounter in
truck transport.
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EVALUATION SUMMARY

Data sampling pesformed during these
tests appears to have accomplished the fol-
lowing:

1. Our data bank store of environmental des-
criptions of the dynamic inputs to cargo
during normal over-the-road operations
was extended to include data in the flatbed-
truck category.

2. Certain near-accident events were meas-
ured which, to our knowledge, have not
been discribed previously in quantitative
terms which relate to potential effects on
cargo.

3. Location of cargo on the truck bed has an
effect on the severity of vertical inputs to
cargo, with cargo located over or near the
rear wheels getting the roughest ride.

2. Location of cargo on the truck bed appears
to have little, if any, effect on longitudinal
shocks that may be imposed on the cargo.

5. Speed appears to produce differing re-
sponse severities on cargo, Low speeds
have greater effect on low natural-
frequency cargo; high speeds have greater
effect on high natural-freonency cargo.

6. Except for off-road « ‘zra:ivn in bumpy
terrain, it appears that long-duration
phenomena encountered in normal situa-
tions are more severe than the long-
duration phenomena encountered in what
we considered to be unusual events in this
test,

7. These evaluations of transient phenomena
have led us to postulate a ranking of these
transient phei.omena in terms of response
gseverity. The results indicate that pot
holes or bumps produce the most severe
vertical axis environment, and collisions
with objects much as loading docks produce
the most severe longitudinal envirownment.

8. Some events are not unique in the dynamic
sense, as exemplified by the similarity of
environment encountered on railroad
tracks and cattle guards.

FUTURE EXPERIMENTS

The cata obtzired in these investigations
consisted exclusively of acceleration amplitudes,
To maximize interpretation and application of
these data, we plan to obtairi apparent weight
measurements using either the actual truck and
load uron which these acceleration measure-
ments were obtaired or a similar truck with the
same load rating and configuration. Of particu-
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lar interest in this respect would be apparent
weight measurements in the 0-to-10-cps region
[10), since it is in this frequency range that, on
other types of trucks, the greatest input ener-
gies have been detected.
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DISCUSSION

Mr. Renius (Army Tark Automotive Com-
mand): Can you tell me what truck you used
and why you used that truck? I you used more
than ore, was there any variation noted between
trucks ?

Mr. Foley: First of all, the truck that we
used for this test was used because it was
available. In this particular situation it was a
piggy-back test for us. The truck and every-
thing else was furnished by another organ-
ization. Actually, it turned out that we had two
hours notice to take measurements on this
truck, so we took the oyportunity. We are also
interested in trving to measure the variation
from one truck to the next. The next time we
get a crack at it we will do it. We just have
not gotten around to it yet.

Mr, Childs (SRDE): Were these trucks
fully laden or light?

Mr. Foley: The load was relatively light.

Mr. Childs: So the springs would be out
of action?

Mr. Foley: Yes. Another point, with
regard to your paper, is that the load was all
tied down, not loose.

Mr. Childs: So you are actually measuring
the shock on the truck, not on the package.

Mr. Foley: That is right. We measured
the input to the cargo and only thru the use of
shock spectra inferring what this produces in
the way of response.

Mr. Christo (Naval Underwater Weapons
Research and Engineering Station): With re-
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spect to 1aboratory tests, what would be the
best test to simulate truck transportation?

Mr. Foley: There is a reference con-
cerning our views on this at the end of the
paper. There is another reference on how to
apply this sort of data to derivation of tests.
Very roughly, I would say that you need three
different types of tests. You need: a low level
random vibration test, a repetitive shock test
superimposed on a random backgrovnd, and a
very low frequency test - load applications
which are very close to static equivalent loads.
I think it has to be done in three steps to cover
all the parameters.

Mr. Griffith (Bendix Missiles Systems
Division): I am rather surprised at the levels

of the normal events compared with the abnormal.

Have you drawn any conclusions as to whether or
not these may have been higher in the normal
because of the light load?

Mr. Foley: This is entirely possible. What
we would like to (io on things like this, though we
did not have the opportunity here, is to run a
range of loads.

Mr. Griffith: You pointed out that you are
using primarily piezoelectric accelerometers.
You had some frequencies that were extremely
low. How did you obtain these?

Mr. Foley: The system utilized with the
accelerometers is essentially a charge ampli-
fier which we feel i8 good to 2 or 3 hertz. The
plot is wrorg when it says 0 to 2-1/2 hertz.
There is really no zero frequency there. I
would have preferred to use piezoresistive

types but the short notice for the test prevented
this.
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DEVELOPMENT OF A RAILROAD ROUGHNESS
INDEXING AND SIMULATION PROCEDURE

L. J. Pursifull and B, E. Prothro
U.S. Army Transportation Engineering Agency
Military Traffic Management and Terminal Service
Fort Eustis, Virginia

In order to simulate rail vehicle performance on an analog computer to
study shock and vibration characteristics of various rail and cargocon-
figurations, it is necessary to provide an input representing the rough-
ness characteristic of the rail surface. This paper describes a study
of methods for measuring and simulating rail surface roughness which
resulted in a recommendation to use a white noise gzenerator to provide
the required inputs. Measured accelerations on cargo were found to
approximate the characteristics of whitenoise. The measured accel-
eration values were correlated with descriptive adjectives good, fair,
rough, etc., and were further correlated with causative displacement
inputs to the railcar springs. A plan for measuring rail surface con-
dition using an accelerometer at the base of the truck springs is

described.

The U.S. Army Transportation Engineer-
ing Agency (USATEA), Military Traffic Man-
agement and Terminal Service, Fort Eustis,
Virginia, is concerned with the effects of the
transportationenvironment onmilitary cargoes.
One of the Agency's interests is to find better
ways of predicting the characteristics and
effects of shock and vibration that may be en-
countered in the land, air, or water modes of
transport. The Agency uses an analog com-
puter to simulate vehicle performance with
various load configurations, but in order to do
this, sufficient information about the vehicle
must be known to write the equations of motion.
In addition, it is necessarytobe able to specify
the right-of-way variations that cause a vibra-
tory response and tu simulate these variations
for input to the computer. Frequently, the
most difficult part of the problem is to find a
method for introducing the right-of-way char-
acteristics.

This paper deals with only one mode, the
rail mode, and describes the approach being
taken to develop an index for classification of
rail surface roughness, a method for simula-
tion of the rail surface roughness for input to
an analog computer, and a method for measure-
ment of the rail surface roughness, Some of

the work is still in progress, and further proof-
testing in the field is plannedto verify the sound-
ness of the Agency's methods. It is anticipated
that the approach presented in this paper will
stimulate further thought and research on the
subject.

This study is limited to consideration of the
vertical displacements of the surface profile of
a railroad track. The track has other defined
characteristics, such as warp, gage, superele-
vation, cross level, and alignment, which may
contribute to the shock and vibration envircn-
ment, but the key factor to which the railcar
suspension system responds is vertical surface
roughness. It is also one of the most trouble-
some factors in track maintenance,

At present, no common agreemert exists
as to how the surface roughness should be de-
scribed. In conversations, such adjectives as
smooth, rough, good, bad, etc., are used,
based on subjective impressions; tut these
terms have no meaning to a computer unless
they are defined with qualitative values. That
is the purpose of the railroad roughness index:
to assign measurable qualitative limits to the
descriptive adjectives customarily used so that
the environment can be accurately expressed




and so that one of the causes of confusion and
misunderstanding can be reduced or eliminated
when a vehicle simulation requirement is de-
scribed.

First, the possibility was studied of actually
measuring and recording on magnetic tape the
surface profile variations of large samples of
track thrcughout the United States, the thought
being that conclusions might be drawn as to the
appropriate displacement levels to be included
in each roughness classification. It seemed to
be a straightforward approach because there
are track-condition measuring cars onthe mar-
ket which could be adapted to produce magnetic
tape records. The railroads use these cars to
obtain data for scheduling track maintenance.
However, the cars that were offered did not
produce a precise record of the actual profile
because they use a mechanical linkage to estab-
lirh a base of reference. No completely satis-
tactory way has been found to maintain this ref-
erence linkage steady in the horizontal plane
and unaffected by the track variations. Fig. 1
shows a simplified illustration of this basic
measurement problem,

1011 MRECTION oF
TRAVEL ——

v . TRACK PROFIE

CENTER AXLE
MSPLACEMENT

Fig. 1 - Center-axle displace-
ment pattern when a three-axle
trucktraverses adepressed rail

Typically, a three-wheeled truck is usedin
which the two outboard wheele are unsprung.
The center wheel is allowed 1 degree of free-
dom with respect to the rigid link connecting
the two outboard wheels. The variations:indis-
placement of the center wheel with respect to
the connecting link are transmitted mechani-
cally or electrically to a recording device, usu-
ally a strip chart recorder, although there is
no reason why, with use of the proper transduc-
ers, the variaticns could not be recorded on
magnetic tape.

Unfortunately, when the truck proceeds
over a track profile variation, as shown in Fig.
1, both the reference base (that is, the con-
necting link) and the center wheel are displaced
in the vertical plane, causing inaccuracies in
the recorded profile measurement,
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Furthermore, there would be tremendous
coordination and scheduling problems involved
in attempting to operate track-measuring cars
over private rail lines in the United States, and
it would take more resources than this Agency
could muster to cover adequately the 200, 000-
plus miles of track in this country. Faced with
this situatior,, USATEA turned to the statistical
sampling approach which is described in this
paper, and which, for the present, is more
practical.

The data available for this undertaking ex-
isted in summary form in reports that hadbeen
prepared by USATEA in connection with certain
monitoring and criteria projects, Cae report
was particularly useful because suitab'~ infor-
mation was available on spring rates, nioments
of inertia, etc., for computing vehicle response.

Fig. 2 shows a shipment by railcars of nu-
clear power plant material on which accelera-
tion measurements were recorded during atrip
from Portsmouth, Virginia, to Dunbarton,
South Carolina, The monitoring personnel rode
in a caboose and provided a record of their sub-
jective impressions as to the relative roughness
of different portions of the railroad traversed
during the movemerit. The descriptions fur-
nished by the personnel were supported by the
recorded acceleration data, For example, the
run between Portsmouth, Virginia, and Rocky

Fig. 2 - Railcars loaded
with nuclear casks
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Mount, North Carolina, was described as 'def-
initely rough'. It had been so rough that sleep
was practically impossible. Conversely, the
run from Augusta, Georgia, to Dunbarton,
South Carolina, was described az ''smooth'.
The report showed that the maximum accelera-
tion recorded on the "rough' Portsmouth to
Rocky Mount rva was 0.9g at 3 hertz, and the
maximum acceleration on the 'smooth' Augusta
to Dunbarton run was 0,4g at 3 hertz, There-
fore, a correlation of the abstract terms '"good"
and "rough" with corresponding measurable
parameters is established. This correlation
can be used as a starting point for development
of a rail roughness index.

Next, it is necessary to determine whether
the accelerations are truly random. If so, the
possibility of simulating the roughness with a
random noise generator is quite obvious. The
evidence affirming this comes from two sources:
one is the cumulative distribution of peakaccel-
erations recorded during a rail trip at a con-
stant speed, and the other is a plot of peak
accelerations versus frequency contained in
Army Techi.cal Bulletin 55-100, TransFort-
ability Criteria - Shock and Vibration.

Fig. 3 shows the cumulative distribution of
peak accelerations recorded during a 65-mile-
per-hour run between Rocky Mount, North
Carolina, and Florence, South Carolina. This
curve looked enough like a random distribution
to encourage further investigation.

To determine better the degree of random-
ness, the cumulative distributionwas divided into

~
L

0.1g elements which were used to plot a proba-
bility density distribution. A normalized am-
plitude density curve having the same standard
deviation as the data was superimposed for
comparison. Fig. 4 shows this comparison.

It is apparent that there is a strong family
resemblance. Certainly the plotted data do not
ideally conform to a Gaussian distribution which
would be characteristic of white noise. Even
though distribution is skewed, it does not have
the characteristic dips which would indicate
cycling.

One possible explanation for the skewing is
unequal sampling. For example, skewing would
occur if two Gaussian distributions having un-
equal amplitudes were added. More research
is needed in this area to develop a reliable
sampling techniqu -,

To illustrate, Fig. 5 shows the route fol-
lowed during the 65-mile-per-hour run. The
trip totaled 173, 1 miles between Rocky Mount
and Florence. Note, however, that there is a
74.2-mile section between Wilson and Fayette -
ville which would not normally be traversed by
trains coming from the north or south to Wil-
mington, a busy seaport. It seems reasonable
to expect, therefore, that this section which
did not receive as much wear and tear might
be smoother than the 16. 1-mile section from
Rocky Mount to Wilson and the 82.8-mile sec-
tion from Fayetteville to Florence. Such a dif-
ferencz in the samples would account for skew-
ing in the same direction as that noted in the
probability density graph, and it pcints out the

-
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Fig. 3 - Curnulative distribution of peak ac-
celerations recorded during a 65-mph run

TTB 500-100, Transportability Criteria - Shock and Vibration, Department of the Army, Washington,

D.C., 17 April 1964,
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(1] P tral densi
_ ower spectral density = 5?
i where
5 » 2
= s V2 A
3 4 % (R z( )
» 8 7 % ”
; 0 il &/ A = maximum amplitude of accelera-
s ,‘// ; tion for ezch frequency in the
- % bandwidth
i_ " % V%
/,/' //}/ For white noise, all frequency amplitudes are
7% / equal. Therefore, in the case under considera-
'S sssEss8s=e L
- & @ asTTE VS .
232252282 :=1 ,zs(m,(zé)
PEAL ACCELERATION ANPLITVOE (g) and 5
170 (4,8)
Fig. 4 - Density of peakac- 2 212
celerations with normalized PSD = ———t— = 11.52 (ft/sec®)®,
density curve superimposed which is independent of frequency.
This indicates, then, that the output of a
white noise generator can be used ¢, simulate
r ROCKY MOUNT, N. C. transportation shocks. The only requirements
18.1 BRES are that the power spectral density be flat over

the frequency range of interest and that the out-
put level be adjustable to meet the voltage scal-
WILIIGTON, . C ing requirement of the particular computer pro-

M2 s gram. The voltage scaling would be accom-
plished with an intermediate amplifier, if
necessary.

82.8 MILES =
-
- $
- —
==,
& FLORENCE, . C. S -
-
o=
Fig. 5 - Route of 65-mph run S5
S8 ?
8«
» 1
necessity for careful sampling in evaluating and =
classifying track condition. [ 1.
- = = -
Lad ™~ - -
The second source of information for de-
termining randomness, TB 55-100, contains a FREQUENCY (hertz)
curve of maximum acceleration versus fre-
quincy describing the rail environment. This Fig. 6 - Maximum recorded verti-
curve represents maximum values recorded cal vibration amplitudes versus
during a large number of etudies (see Fig. 6). frequency for rail transport mode
In this perspective, the curve can be considered
to represent the characteristics of a statistical
sample from an ensemble of systems. Note Fig. 7 illustrates the factors affecting the
that the curve is flat out to about 170 hertz, motion of the cargo platfurm,
Again, by definition, a flat spectrum is char-
acteristic of white noise and will yield a con- Up to this poiwc, ths discussion has con-
«tant power spectral density, which can be cerned acceleraticns that were measured on
computed using the following equation: the cargo. What USATEA is trying to develop,
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Fig, 7 - Diagram showing railcar motion

however, is an index of rail surface roughness.
The next step, therefore, is to relate the mea-
sured accelerations on the cargo to the causa-
tive variations in the right-of-way. This is
accomplished by determining the displacement
at the base of the springs that caused the trans-
ducer response. This, in effect, rules out flat
wheels, eccentric bearings, etc., andassumes
that displacements y;, y;, y3, and y, are the
causative variations,

The causative displacement was determined
by simulating the railcar used on the Rocky
Mount to Florence run, then varying the ampli-
tude and frequency of the inputs y), y,, y;, and
¥4 urtll outputs were obtained which corre-
aponded to those meas:zed by the transducer
on the cargo.

In Fig. 7, K), K;, K3, and K4 are the
spring constants; D], D2, D3, and D4 are the

e b e 1 i il
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damping coefficients; a and b are the longitudi-
nal distances from the pitch axis (that is, the
X axis) to the respective spring centers; c and
d are the transverse distances from the roll
axis (that is, the Z axis) to the respective
spring centers; Ly and Ty are the longitudinal
and tranoverse distances between the trans-
ducer centroid and the pitch and roll axes re-
spectively; and Vir is the vertical distance
between the transducer centroid and the hori-
sontal plane through the center of gravity of
the vehicle; and M is the unsprung mass.

The three simultaneous equations of mo-
tion were written by summing forces in the
vertical direction and momaents about the X
axis and Z axis. The general form of the equa-
tions is quite lengthy, but several simplifica-
tions were possible in this case.




Fig. 8 shows the diagrammatic side and
plan views of the loaded car. Note that it is
symmetrically loaded. Therefore, the longi-
tudinal and transverse locations of the spring
centers with respect to the center of gravity
are equal; that is, distance a is equal to dis-
tance b, and distance c is equal to distance d.
The spring constants are all equal; that is K,
K2, K3, and Kq are equal. Furthermore, it
was found that damping could be neglected, thus
letting Dy, D2, D3, and D4 equal 0. This
process was a safe one for the purpose of de-
veloping the index because the ultimate result
would be a more severe displacement value for
a given roughness description than would have
been the case if damping were employed. Since
the actual value of the damping coefficient was
unknown, this simplification was considered
prudent.

Following are the three simplified equatinns
of motion, and a fourth equation relating the
motion of the transducer to the motion of the
center of gravity:

.. K
Y=-m(4Y‘Y1‘Y2‘Y3‘Y4) {1)
Ka

6 -
1 M!'lz

(Y1 "v2 ty3 -yg -428) (2)

92=£-2-(-Y1 =¥z ty3 tyg - 4cl) (3)

— WA e ST

Yr=¥ 48, ALp)2 + (V2 + (6202 (V) (4)

Ia the equations, y is vertical displacement
of the center of gravity, and Y is vertical ac-
celeration in feet per second squared; §; is
angular acceleration in pitch in radians p=r
second squared, and r) is radius of gyration
about the pitch axis. is angular acceleration
in roll, and rz is the radius of gyration about
the roll axis.

In equation 4, note that Y is the vertical
acceleration of the center of gravity, and .Y'T is
the vertical acceleration of the transducer.

The computer programming for these equations
is straightforward.

Fig., 9 is a block diagram illustrating the
method used to simulate the track roughness
input.

Since the rail joints on opposite sides of
the track are staggered, a compensation was
made in the simulation by shifting the inputs on
one side of the railcar 90 degrees with respect
to the inputs on the other side. This was ac-
complished by using a sine generator for the
two inputs on one side of the car and a cosine
generator for the two inputs on the other side.

In addition, the delay between the time the
front truck crosses a surface bump at 65 miles

Mr, per hour and the time the rear truck crosses
VERTICAL
ACCELERONETER
/ li'i- OIA. (TYPICAL)
PLAN Y
oy —F——o——@
Hﬁ !
i 171" i u.s'w‘-u.s" i " i
o 0 =
I+ i 1 |
SIDE VIEW L : : . + ! : : '
T | T
| 282" , 262" :

Fig. 8 - Loaded arrangement of instrumented railcar
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Fig. 9 - Blockdiagram forpro-
gramming vehicle simulation

the same bump can be represented by a phase
shift. This is possible because the inputs and
responses are steady state. This is expressed
by the following equation:

Phase shift (in cycles) = (ég—b) x f

where
(a+b) = wheelbase in feet
S = speed of railcar in ft/sec
f = frequency

A first-order Pade approximation circuit
(described in Electronic Associates, Inc.,
Handbook of Analo&Computation(z)) was used
to introduce the phase shifts.

A series of 18 runs with different ampli-
tude sinusoidal inputs was made at each of 8
octave intervals between 2 and 256 hertz,

Fig. 10 shows traces of the inputs and corre-
sponding outputs at the highest and lowest fre-
quencies studied, The input curves are cali-
brated in terms of displacement in feet, and
the output curves are given in g's,

Fig. 11 shows the family of curves of
maximum displacement amplitude at input
versus maximum acceleration at the transducer
location resulting from the series of computer
runs.

Since the slopes of these curves are con-
stant, a simple transfer function is obtained by
plotting the ratio of output to input versus fre-
quency.

Fig. 12 is z graph of the transfer coeffi-
cient versus frequency. The spike in the graph
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Fig. 10 - 2 and 128 hertz inputsz with cor-
responding outputs from railcar simulation

occurs at 4 hertz, whichis the natural frequency
of bounce of the railcar,

It was found that the dwell time to reach
peak acceleration at 4 cycles per second is
approximately 1.1 seconds. Dwell times of
several cycles were required also with inputs
of 8 and 16 cycles before the maximum vehicle
response was experienced. Since such dwell
times are extremely unlikely to occur in actual
operations, and because the graph is remark-
ably flat except at the natural bounce frequency,
it was considered reasonable to use the mean
value of the transfer coefficieut to convert the
measured accelerations previously associated
with descriptions of ride quality to maximum
displacement at the base of the truck springs.
As seen on ihe graph, the mean value of the
transfer coefficient is 24g's per foot.

Fig. 13 shows the resulting rail perfor-
mance index in which are listed five classifica-
tions of surface roughness ranging from good
to extreme, with corresponding computed
values of spring displacement ranging from 0
to 0,2 foot, The values of peak accelerations
identified at the end of the loaded test car are
shown for comparison with field experience.

Fig. 14 shows a diagram of the instrumen-
tation presently being developed for further
studies of the character of surface roughness.
An accelerometer is mounted at the base of the
springs on one axle of a standard railcar, A
resilient mount will be used to eliminate high
frequency hash, and the outputs of the acceler-
ometers will be doubly intergrated to provide
displacement., Simultaneously, vertical

2V Electronic Associates, Inc., Handbook of Analog Computation, Princeton, N.J., 1967.
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acceleration at the center of gravity of the vehi-
cle is recorded for comparison with the output
of the axle accelerometers. Onceasatisfactory
level of confidence in the output of the axle

accelerometers is achleved, repeatable mea-

surements of surface roughness practically Fig. 14 - Diagram of instru-
unaffected by variations in the rail car suspen- mentation for measurement
sions will be possible. of rail surface roughness
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DISCUSSION

Mr. Sonnemann (Sikorsky Aircraft): We
have just completed, as you may know, a fairly
extensive work on rail vehicles in connection
with our high speed train project. Iwanted to
comment just briefly on some of our {indings
because they do not seem to be in complete
agreement with what you stated. We have taken
some measurements at the wheel-axle interface
in order to determine the rail input dve to the
discontinuities at the joints. Frequently, we
have found that we get shocks as high as 20 g
and sonietimes as high as 50 g. These loads
are then rapidly attenuated through the sus-
pengion system. Recognizing that it is a pas-
senger vehicle that we are working on compared
to the freight car that you were talking about,
people’s comments as far as a poor ride is
concerned would involve levels like 1/2 g. If
we exceeded 1/2 g, which we seldom did,
people would think the ride was terrible. We
have further found that the non-gaussian dis-
tribution on which you commented is attrib-
utable to two factors. One is the poor con-
ditions of curves on the railroad, and the other
is the frequency that grade crossings occur.
We have seen that the grade crossings will
skew the distributions of g-levels a great deal,
because it is at this time that the abnormal
inputs >ccur. These become a factor in the
skewing. In the light of our own work, I won-
der whether your approach can really be rep-
resentative of rail roughness, because of its
high dependence on the suspension system.
Have you thought about that aspect of it?

Mr. Prothro: We have thought about it.
We are aware of the work that you people are
doing and we have had the good fortune of being
invited to ride your car next week. We plan to
do s0. One of the things I referred to was the
need to develop better sampling techniques. 1
think this may be reflected in your finding
about the distribution being skewed by tra-
versing grade crossings. Perhaps the work
jou have don2 will be sufficient, but we had
hoped to stimulate research in this. I did not
know that you had made this discovery.

Mr. Hanks (NASA, Langley): Iwas won-
dering about your indexing procedures in-
cluding surface irregularities that are much
greater in wavelength than the length of the
car. It appears in rough calculation that ycur
wavelengths are the approximate length of the
car. If your train speeded up to, say, 120
miles per hour then you would not have any
idea whether you would encounter this 4 cycle
per second roughness or not.

Mr. Prothro: The 4 cycle roughness was

55

the natural bounce frequency of the car, but the
wavelength or the phuse shift that we introduced
was based on & constant speed of 65 miles per
hour. We were comparing this with field data
that was made on a constant speed run at 65
miles per hour.

Mr. Hanks: But if you had picked up, say,
1/2 cycle responses or 2 cycles responses
these may become critical at 120 or 130 miles
per hour, Were you measuring below these
levels?

Mr. Prothro: Yes. I guess it was not
clear in that diagram but we started with inputs
of 2 cycles and even below. We just diagrammed
those octave intervals starting with 2 cycles.
Surprisingly, the responses below that peak
range were instantaneous. In other words, we
got the sine wave pattern with an equal ampli-
tude, but in the areas where the peak showed
up the responses had to build up. It never did
go into uncontrolled resonance.

Mr. Swanson (MTS Systems): I found this
paper extren y interesting because last spring
I served as & consultant for British Railways.
They are very interested in the same problems.
We characterized the loading that you have as
a succession of random processes that the car
meets in its history. The interesting thing
about it is that each of these bursts is a sta-
tionary random process in itself and can be
applied in the laboratory as a burst from a
random noise generator. In fact they have gone
ahead and are now putting in a system which
supplies a succession of rms levels.

Iwould just like to comment that since
your signal is nice and broad-band, it turns
out, from sampling theory, that you can get
very fast response of your rms level. If you
were to put an rms meter on your signal and
also filter out the determinigtic very low fre-
quency effects like mean load, then you can
monitor rms almost instantaneously. 1 think
that your skewing effects and these objective
measurements of intensity would go by the board
and you could go straight to a nice stable scale
of rms’s. You could also check for the stretch
that you are going to do on probability plots.
You could make sure that the values are sta-
tionary and that your rms’s and constant over
that stretch.

Mr. Prothro: Iwant to point out that our
problems occur because someone asks a ques-
tion. What happens if this thing goes over a
rough road? What happens if it goes over a
fairly smooth road? We are trying to put a
handle on that description.
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An approximate method of dynamic analysis is prese.ted for
missile containers which use elastomeric shock mounts. The
missile and its mounting frame are treated as a single rigid
body supported by springs and dashpots representing the shock
mounts. A parabolic spring rate function is assumed to
approximate the frequency dependent dynamic properties of the
mounts in the mathematical model. The results obtained by
this method of analysis are compared with experimental
results for the "Walleye" missile container system.

INTRODUCTION

One of the common methods of
protecting missiles from shock and
vibration during transportation is
to mount the missile carrying cradle
(usually a rigid frame) to the
container by elastomer type of shock
mounts. For approximate dynamic

]

»

analysis of this type of missile
container, elastomer shock mounts
can be idealized by spring and
damper systems in three principal
directions. The missile toget.er
with the cradle can be treated as
a rigid body, thus the whele

U

FIGURE 1. RESILIENTLY MOUNTED MISSILZ

57




system may be represented by the mathe-
matical model as shown in Fig. 1.

Dynamic properties of the springs
and dampers replacing elastomer shock
mounts are frequency and temperature
dependent and can be determined by
appropriate experiments [1]. The equa-
tions of motion fcr a rigid body sup-
ported by arbitrary springs and dampers
having constant dynamic properties are
derived in the literature [2,3], 1In
the case o¢ elastomer shock mounts, it
is necessary to include frequency
dependence of spring rates in the
derivation. An approximate method of
dynamic analysis in which the spring
rates in the principal dir~ctions are
assumed to be parabolic functions of
frequency, is presented. This method
has a definite advantage of taking fre-
quency aependence of dynamic properties
of elastomer shock mounts into account
without introducing complications in
the analysis. Expressions are derived
for natural frequencies and for trans-
migsibilities of the system. The shock
analysis is alsc presented for deter-
mination of the accelerations induced
on the missile when the container is
subjected to shocks such as the "flat-
face free fall test". The results
obtained by the method of analysis pre-
sented are ccmpared with the experi-
mental results for the "Walleye" missile
container.

PROPERTIES OF SHOCK MOUNTS

Elastomer shock mounts can be ide-
alized by springs and dampers in the
three principal directions. One of
the principal directions regresents
tension or compression mode and the
other two are the shear modes. It
should be noted that for cylindrical
type of shock mounts, shear modes in
two directions are identical.

The results [1] obtained from
experiments indicate that frequency-
spring rate relations in principal
directions (x,y,z) at a given tempera-
ture can be expressed as

ki = A;v3; n? {1 =2 x,y,2) (0
where Aj and Bj are constants obtained
from experiments and « is the frequency.
In Eq. (1), spring rates in the princi-
pal directions are denoted by kj for a
band of frequency. Depending on the
experimental curves, the range of fre-
quency can be divided into several
bands of frequency and for each band
Eq. (1) is evaluated. Then the analy-
sis is performed for each band.
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Similar procedure should be followed
for dynamic analysis at different
temperatures by evaluating kj at each
temperature.

EQUATIONS OF MOTION

For support displacements the
dynamic analysis is developed by con-
sidering the missile together with the
supporting frame (cradle) toc be a rigid
body with one longitudinal plane of
symmetry (yz plane). Tha mathematical
model considered for the analysis is
shown in Fig. 1. The resilient shock
mounts are assumed to have principal
axes parallel to the principal axes
(x,y,z) of the missile. The position of
any shock mount is given by ay, ay, az
coordinates and the spring rates 1n
X,y,2z directions are denoted by ky, ki,
k5. The viscous damping coefficients
of a resilient mount are indicated by
Cxs Cys Cgz in x,y,z directions
respectively.

By neglecting the damping, dif- |
ferential equations of motion for the
rigid body shown in Fig. 1 can be I
written for displacements of the sup-

port as ]
. {
Ia - Zkyaz(yc—uy)+ Zkzay(zc-uz) g
2 2 _
+ Z(kyaz + kzay)u =0 (2) 1

my, + Zky(yc-uy) - Zkyazc =0 (g -

=]
N
+

ot Lk, (z -u) 4 Zkzaya 0 () |

E
o
+

ka(xc—ux)+2kxaze-2kxayy =0
(5)

. 2 2
I8+ kaaz(xc-ux)+z(kxaz+kzax)8

- kaayazY 5 (6)

-
< :
1

2 2
kaay(xc-ux)+z(kxay+kyax)y )

kaayaze =0 (7) i

wherea
m = mass of the rigid body

I ,I_ = Principal moments of
inertia of the rigid body

XosYarZo = Displacement components
of the mass center in
x,¥,z directions

e el

a, 8, vy = Angular displacements
about x,y,z axes




U,y =

x*Yy ~omponents of the dis-

placement of the support
in x,y,2z directions.

Considerable simplification in
equations can be accomplished if the
shock-mounts are located at points so
that the vertical resulting resilient
effect passes through the center of
mass of the rigid body. This condition
will make

Zkzay =0, kaay = 0, and also

kaayaz =0

if all of the shock-mounts are located
in a horizontal plane having the same
value for the ccordinate aj. Other
arrangements satisfying the latter
condition are possible.

For a1 harmonic motion of the sup-
port hav1ng amplltudes Ux, Uy;y, Uz, the
solution of simplified form of Eqs. (2)
through (7) is obtained as

(Zk a +Zk a-1 w?)a- Zkyazyc

27y “x
- Ixgauy (8)
-zkyazu+(ka-mu by, = kU (9)
(Ix,-ma?)z_=]k_U_ an
and
(ka-mue)xc+2kxazﬁ = B0 (11)
kaazxc+[kaa§+2kzai-1ym238
= kaazUx (12)
(kaa§+zkya§-lzm2)v = 0 an

where w is the frequency of the motion.

NATURAL FREQUENCIES

Noting that Egqs. (8) and (9) and
Eqs. (11) and (12) constitute two
independent sets and Eqs. (10) and (13)
are uncoupled, the six natural fre-
quencies can be determined by solving
the following equations which are
obtained by equating to zero the
determinants of the coefficients.

2
zkz =t S U (1)

o o ——

(Jx az Lkzas— LA )(ZP -mw?)
'(Zkyaz)2 5 U (15)

kaa§+2kyai-12m2 =0 (16)

(ka-muz)(kaa:+2kzai-Iym2)
-(kaaz)2 =0 Qa7)

Substituting the expressions for
the spring rates given by [g. (1) into
Eqs. (14) through (17), the .atural
frequencies are obtained aws

/ [
2 C lw

17 2° (18)
c -\/c2 - uc.C
o 22 2 163
2 e (19)
1A
wy =} f—
" 'sz (20)

2
) =\/_02 +\/3 - up,D,
© D, 21)
[
2
o\ P2 m VP, - 4Dy Dy
5 2D,y (22)

2 2

A ZAxay + ZAyax

‘s “\[T. -1.al -JB.a2
z x“y yox (23)
where
¢, = (ZB a vZBz e x)(ZB -m)
' 2
- (ZByaz)

c, = (I, zs a -18,a ){Ay
2
+ (m-{By)({Ayaz+zAzay)
+ Z(ZAyaz)(ZByaz‘
c, = (JA a2+zA az)zA -(JA a )2
3 y 2z zy' bty y 2z

- _mY(TR a2 2 2
D =(IB, m)(thaz*ZBzax-Iy)-(ZBxaz)




- 2 2

D2-(Iy-28xaz-282ax)2Ax
+(n-1B ) (JA aZ¢]A_al)
+2(JAa,)(]Ba >

2 2 2
D,=(JA N (]A a +]A a)-(]A a))

TRANSMISSIBILITIES

Damping can easily be introduced
in Eqs. (8) through (13) by substitut-
ing kitjuc; for ki where j is imaginary
unit and subscript i indicates x, y,
and z. Then after introducing damping,
the transmissibilities are obtained for
a forced frequency 8 by solving Egs.
(8) through (13) as

the natural period of the system.
Impulse results in an instantaneous
change of velocity, after which the
system starts a motion characterized

by free vibrations. Therefore, shock
tests may be simulated analytically by
free vibrations of the missile with an
initial velocity duz to stipulated
conditions. Analytical studies [2]
irdicate that the effect of damping in
the maximum acceleraticn resulting from
shock is relatively small, therefore it
is neglected in the following analysis.

The differential equations of
motion (Eqs. (2) through (7)) are
solved for an arbitrary initial velocity

C 2 1/2
2 2,.2 2 2
;S . [k Ac-0"Tc Ag-(Tk a )+ (chaz) ] +[kaQA6+QA52cx-zn(kaaz)(chaz)]w
x [AA -QZXC A-(Tk a )z*ﬂz(fc a )2]2*[A aA_+aA Jc -28(Jk a_)(Jc a )12
B X6 x“2 x“z CR D T T o ] x“z (2u)
[A Tk -a%4 Jc -(Ik a_)?2+a%(Jc.a 121+ afc +A, Tk _a-2a(Jk_a_)(Jc a_)1? Y
;g - 1Ly Tty 'y z “y°z . 1MLCy LRGN vz v3z
y 2 } 2,2 \2 2
(A A;-0 Az):cy (Xkyaz) +0 (chaz. 1 *[Alnzcy+A2A3n-20(Xkyaz)(chaz)] 039
2,,2, 2 1/2
rzJS i (Ix ) +a%(e ) ]
- 2
z 2 2 2
i{ky—mﬂ ) +q ({cz)J (26)
where by making u_, u_, u_ equal to zero.
2 2 2 The resultiﬁg expreésions for the
A = Tx az+2kza -La angular motion of the rigid body and
y y for the linear displacements of the
2 2 mass center are given by Eqs. (27)
A, = chaz*fczay through (32).
) 2 a = clsinu1t+czsinw2t (27)
Ay = Xky—mn
, y.*© Rlcls1nu1t*R2c251nm2t (28)
Au = Xk -mQ
X z = c,sinuw,t
c 3 3 (29)
. 2 2 2
bg 8 kaaz*szax-lyﬂ x = cysinu ttc sinugt (30)
. 2 2 . . .
Ag = cxaz*fczax 8 = Rycysinw t+R cesinuct (31)
Yy = c.sinu .t .
6 6 (32)
SHOCK ANALYSIS
Specifications [4] for missile EECTE
mounting limit the acceleration of the R.a —v S _R.&
missiles when the system is subjected c. = 20 Yo c Yoo
to stipulated shocks. Dynamically, a 17 wy(Ry-Ry) * 72 uztnz-ﬁli

shock is an impulsive force acting in
a short duration of time compared to
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and

8,1B5sY, = Initial angular velocity
of the rigid body about
X,y¥,2 axes.

x ,§ »2_. = Initial linear velocity

o'’0’% o A T
in »,y,2 directions of
the mass center.

Wy gW, yWaa, ywew. = Natural fre-
L quencies from
Egs. (18)
through (23).

By differentiating Eqs. (27)
through (32) with respect to time
twice, the expressions for angular
acceleration of the rigid body and for
the linear accelerations of the mass
certer are obtained as

o 2 . 2 .

a = -clul 51nu1t-c2u2 51nu2t (33)
v 2 . 2 .

Yo* -Rlclu1 51nu1t-R2c2u2 sinw,t

(34)

z = -c ol sinw,t

c” "C3%3 Y3 (35)
X = -c u2 sinuw, t-c u2 sinw .t

c 47y 4 575 5 (36)

8 = -Racuuﬁ sinuut-csRuug sinust
37

¥y = -cow? sinut

T T "Ce%e MUt - (38)

It should be noted that Egs. (27)

through (38) are approximate due to

the fact that spring rates are fre-

quency dependent. If the change ir
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spring rates corresponding to natural
frequgncies Wyy Wpy OF W o is
relatively la}ge, the error an become
unacceptable.

Now, the procedure for shock
analysis can be outlined as follows:

1. Determine the components of the
initial velocity from the shock test
under consideration. (This step is
discussed in Ref. [1])

2. Compute the coefficients for
Eqs. (27) through (38).

3. Since the expressions obtained in
step 2 are for the mass center, maxi-
mum linear accelerations can be
computed by evaluating the accelera-
tions at various points of the missile.

APPROXIMATE DYNAMIC ANALYSIS FOR
"WALLEYE™ MISSILE CONTAINER

A schematic diagram of the
"Walleye" missile container system is
shown in Fig. 2. The locations of the
mass center (c.g) and shock mounts are
indicated along with other pertinent
dimensions. Data regarding the missile
and container were provided by U.S.
Naval Ordnance Station, Louisville,
Kentucky.

NUMERICAL DATA

Mass Moment of Inertias (slug-ftz)

Ix = 233.03 Iy = 7.80; Iz = 233.0
Weight of the Missile and Cradle (1bs.)
Weight of the missile W = 1100

Approximate weight of cradle wc= 100

Total weight mounted . Wm= 1200

PROPERTIES OF SHOCK MOUNTS

Lord Company type J-5682 shock
mounts were used. Experimental prop-
erty values at ambient temperature as
given in the appendix of Ref. [1] are:

Spring Rates (1b/in)
For compression kx=3065.u8+0.0368u2
For shear ky:kz=799+o.osau2

where w is frequency in radians/sec.
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FIGURE 2. SCHEMATIC DIAGRAM OF WALLEYE MISSILE CONTAINER SYSTEM
TABLE 1. COMPARISON OF EXPERIMENTAL AND COMPUTED RESULTS
NATURAL FREQUENCY (rad/sec) TRANSMISSIBILITY

Direction Experimental Computed Experimental*I Computed#*
y-a 47.0 47.26 3.7 2.17
y-a 50.0 48.10 3.7 2.16
z 44,0 49.64 4.2 2.34
x-B Rk 65.37 bkl 1.88
x-B LA 180.60 8.9 LA

*Maximum transmissibility.

**Maximum transmissibility at the mass

center.

®**Yalue is not available.

Numerical work for the dynamic analysis
is presented in Ref. [1] in detail.
Table 1 shows the analytical and
available experimental results.

CONCLUSIONS

An approximate method of dynamic
analysis for missile container systems
is presented. It is shown that tests
required by specifications can be
simulated analytically by using the
dynaric properties of elastomer shock
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moun<s obtained from experiments. The
application of the method during the
design stage can result in better and
economical missile mounting. Also, a
digital computer program can be
developed to cptimize the missile
container systems by using the method
in an iteration cycle.
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DISCUSSION

Mr. Seely (Naval Ordnance Station, Forest
Park, 111.): You showed a slide showing a nat-
ural frequency of about 47 Hertz for your con-
tainer. It may interest you to know that I have
just tested a Walleye container and the natural
frequency came out to somewhere between 9 and
11 Hertz. The transmissibility ran about 5.

Mr. Citipitioglu: This is radians per second
here.

Mr. Seely: That does make a difference.

Mr. Linton (Naval Weapons Station, Seal
Beach): We do vibration and shock testing of
containers of various sorts up to perhaps 16
ieet long weighing a couple of thousand pounis.
On the vibration tests we are asked to {ind the
resonant frequency and dwell there. We often
find no definable resonance. Perhaps more
particularly, they seem to resonate at any fre-
quency up and down the line. This leaves the
thought that the larger containers do not seem
to have the spring mass system as precisely
defined as your analysis indicates for your Wall-
eye container. In trying to do a valid test, it is
often difficult to find these resonant frequen-
cies due to the resonances in the container.
These are long flimsy containers that shake
like a bowl full of jelly at any frequency.

Mr. Citipitioglu: We have not tested the
Walleye container. We only used the test re-
sults which were available to us. From the
mathematical analysis under the assumptions
that we have, it i8 clear that we must have
some kind of natural frequency. For the kind
of missile containers you are talking about 1
am not sure what the range of the frequency
will be.

Mr. Griffith (bendix Missiles System Div.):
We have designed and built containers for one
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of the Navy’s larger complete weapons system.
We also did some testing for the Naval Ord-
nance Plant at Louisville on a container which
1 think was for the Walleye. Contrary to what
the gentlemen from Seal Beach just said, we
have never experienced any problem in deter-
mining the resonance of the container suspen-
3icn system. Our particular weapon has a
spring damper system. At resonance we found
out we could burn out the dampera very easily
because of the motion in there. I think the
Walleye container that we tested had some
resonances which had transmissibilities
around 11 or 12. This is a pretty solid reso-
nance and you should find it easily.

Mr. Citipitioglu: Iam familiar with the
type of missile container that has dampers on
it, but the type on which we worked was strictly
mounted by elastomer shock mounts. We did not
make any study of the type that you mention.

Mr. Matthews (Naval Missile Center): 1
tested a shipping container many years ago and
found that there are occasions when you can
fird a resonance and other occasions when you
cannot. It depends on what the cushioning ma-
terial is. If it is linear, of course, you will
find a resonance, but many of these things have
elastomers and if you study the stress strain
curves you will find them very nonlinear. Now
if you try to test these to a specification that
says find the resonance and dwell there for an
hour, then increase the level of your input and
dwell there for an hour you will {ind that you
will have a different “resonance.” Also, you
will {ind that the resonance will shift as you
dwell there because the temperature affects
the nonlinear behavior. I reilly think that the
concept of a resonance and a dwell for these
nonlinear cushions has to be looked at very
carefully.
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SIMULATED MECHANICAL IMPACT TEST EQUIPMENT

D. R. Agnew

Naval Air Development Center
Johnsville, Warminster, Pennsylvania

A unique test method has been developed to determine the structural
integrity of unit shipping containers for "A'-gize stores when sub-
jected to lateral impacts. To facilitate reproducibility of test,
control of impact and ease of handling in the performance of this

test method, the Simulated Mechanical Impact Test Equipment (SMITE)
was designed, developed and found to be satisfactory and practical.

INTRODUCTION

A unique test method has been developed
to determine the structural integrity of unit
shipping containers for Navy stores when sub-
jected to lateral impacts. To facilitate re-
producibility of test, control of impact and
ease of handling in the performance of this
test method, the Simulated Mechanical Impact
Test Equipment was designed, developed and
found to be a satisfactory and practical test
facility.

The need for such an apparatus became
apparent about two years ago when damage
reports were submitted to the Aero Materials
Department indicating that unit shipping
containers used for the packaging of Navy
"A'-gize stores were unsatisfactory. In-
vestigations of these reports disclosed that
the current plastic shipping containers flex
under impact and allow the "A'-size stores to
be dented without any visible damage to the
shipping container. These "A"-size stores
are basically rugged electronic hardware which
can take high "G" forces but once the thin
outer aluminum skin is dented, there is a
high -obability of a malfunction in per-
formance due to the internal electronic com-
ponents becoming damaged or "hung-up" and not
being properly deployed for operation.

Further examinations of these damage
reports revealed that after a 700-mile trip
by commercial carrier, the electronic hard-
ware experienced typical damage as depicted
in Figure 1. This damaged hardware was re-
ported as inoperable.

In simulating the type of damage reported,

the unit containers with hardware were banded
four together as prepared for shipment and
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subjected to the various types of impacts
e.g., the tipover onto a pallet, {mpact onto

a loading platform and {mpact onto & truck bed.
In all instances, the impact tests were dif-
ficult to accomplish due to the bulk of the
pack, weight of the pack and the variance in
the human factor. By this variance in human
factor, it i{s meant that in simulating hefting
of the pack onto a truck bed or loading plat-
form, it was found that the size and physical
condition of the person performing the test
were contributing factors in the outcomse of
the tests. Between the types of impact tests
attempted, the tipover onto a pallet (Figure
2) was the easiest to perform and just as se-
vere as the others.

Though the tipover test was the least
difficult to perform, problems were still en-
countered:

1. The test pack as prepared for shipment
can weigh up to 125 lbs. and thus requiring at
least two test mechanics to perform the tests.

2, The actual tipping over of a pack this
size is an unwieldy process and very often more
than one specimen may be damaged in the drop
test, or multiple test drops may have to be
performed to insure reproducibility of results,

To eliminate these difficulties, it was
attempted to:

1. Reduce the test personnel to one by
applying the force of impact of a shipping pack
tipover to a single container sample and thus
reducing the specimen weight to be handled.

2. Position the container as depicted in
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FIGURE 2 - TIPOVER IMPACT ONTO A PALLET
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Figure 3 and allow the equivalent tipover im-
pact force of a shipping pack to fall verti-
cally onto the container sample.

3. Achieve optimum control of the test
procedure by mechanizing all the dynamic para-
meters of the test method.

The solution to all these difficultics
resultad in the design and development of th.
Simulated Mechanical Impact Test Equipment,
Figures 4 and 5, which produces damage equiv-
alent to a shipping pack tipping over, re-
presented by a single unit container, Figure 6.

In determining the test method parameters
and designing the SMITE, it was necessary to
conduct the extensive mathematical study that
follows:

A derivation relating the rotational
psrameters of a two-container pack tipping
tandem onto a pallet edge to the vertical
parameters necessary to give equivalent mo-
tion and force during a free-fall drop is
presented.

1. The moment of inertia of a right
circular cylinder (length = R, radius = r
and Mass = M) shall be calculated with respect
to its geometric and gravity centers which are
one and the same in this case. This cylinder
is to be representative of a unit shipping
container for Size "A" stores. Moment of in-
ertia of & solid circular cylinder about an
axis through the center of gravity and per-
pendicular to thz axis of the cylinder is:

|
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—_— |- —
I
|

S

1M 2 +r2
(6 12

Explanation: Moment of inertia with respect to
the perpendicular plane is Ixy «
Ixz = Ix

Ixy = kMr2, r = radius
Ixz = 1 M2, L= length (R)

3 but at C.G. L =
2

(e

SoIx o= kMeZ e 1 M2 o kM2 4 1 w2
3 12

2, This previous equation (Ix) suggests
the shipping container rotates around its cen-
ter of gravity like a pin wheel, ..ich is not
indicative of a tipping-over process. The
pivot point for the tipover is contained in
the bottom of the upright container and, there-
fore, 1 (Ix)) in the base of the container must
be found.

Now consider 1 of an axis (x)) in the
base of the cylinder and parallel to the axis
(x) through the C.G. which was used in the
calculation of Ix as described above.

Z

W7

Parallel-axis theorem for masses:

=7+ M2 butd=R

2
Ix = Ix + MR?
4
le'"(Lz.’R_z\'m;z
¢ 127 4
Ix, = M 2+ R2
1 < 3

3. Again, this last equation (Ix;) is
not wholly indicative of a shipping pack tip-
ping. In actuality, the effective impact is
that of & two-unit container, in tandem, strik-
ing a pallet edge while pivoting about a point
(P) in the base. Therefore, the moment (Ip)
of two-unit containers rotating about a point
(P) must be found.

Now consider two cylinders placed to-
gether:




VP

Mecnamey
Rl [T1a¢

EST

QIJIP.[.Y

FIGURE 3 - SIMULATED MECHANICAL IMPACT TEST EQUIPMENT




FIGURE S - SIMULATED MECHANICAL IMPACT TEST EQUIPMENT
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FIGURE 6 - EQUIPMENT REMDVED FROM TEST CONTAINERS
A. FOUR-PACK TIPOVER ONTO PALLET
B. SMITE
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Again, parallel-axis theorem for masses:
Ip = Ix; + W} + 1x, - Ma}

dl = r; d2 = 3Ir

lxl = lxz =1

Ip = M2 + R2)» M2 + Mr2 + R2)r 9 M2
v 3 4 3

Ip = 2 M2 + 21 Mr?
3 2

4. Solviny for lp gives the means for
relating linear velocity to angular velocity
(v=rd8), In the following, it will be

dt
proved that for a shipping pack, this relation
will hold; and since the pack is a rigid system,
will hold for any point in the system.

Determination of angular velocity and
linear velocity:

By definition:

Angular ucceleration = dzO
dt

Angular velocity = 4@
dt

Linear velocity = r 48
dt

Two pack system
in vertical position.

T2

Two containers lumped
into a single system
and positioned for
tipover.

P .L._.d_,‘

Two containers at
impact after tip-
over.

e = the angle the vertical containers must be
rotated to the right (clockwise) before free
fall tipover takes place.

The tan ofé’s= 2r and®’= arctan 4r
R

[(S1E ]

PO = length from point (P) to the center of
mass, O,

PO =|R.2 + (2r)

(2)

® = the max angle P.0. will rotate during a
free fall tipover.

24900 - 0
T = torque of the mass center

T = Fud = 2Mg.d
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W = Weight of one container
d = moment arm of the torque =

(%) + (2r)° + Sin @

The algebraic sum of the moments about P is

ITp =1p d%
ac?

2 2
and T = F-d = 2Mg f(Ry) + (2r) . Sin @

»- Sin@ =

de de
2 d9 a0

and g% =g ‘g =g 4o
dt? dc dt a8

(5)2 + (2!‘)2
2

RZ + 21 2,
£

(5)2'(2r)2
=de  d .do =2312 _Sine de
dt dt @ RT+ 21 7
2

)
3

-&,d(ﬁ,,l_-ﬂ
dt dt de 2
3

Sin

Intergrating:

——s
(&%~ (an?
gg_.d(&”_zﬂz .Sin @ de
dt dt

PRI
3 2

520(2\')2
} 480 2= .2 (2) Cos @ + C
TR LTI
3 2

vhen 8 = 0, the equation becomes
o 2 . (o2
R “ + (2r)

0os=-2 Y3

. Cos ® + C
Ré + 21 r
( 2

)

win

And C (Constant of Intergration) =

PFCRTEY
R.” + (2r)
Sy e 2.2 Y(z’

7—-—7—.(1-Co-0)
dt (ZR ’2_[!')
3 2
2, - an? ¥
g6 =) 4g]2 - )
ot (3R702_l.r7) « (1 - Cos ®
3 2

48 = angular velocity
dt

and v = linear velocity = r 40
dt

S. Since it has been established that
ve=ordd, a look at vhat happens to a rigid
dt

system in rotation impact is in order,

N

7 a
) r

If v, is measured from the point (P) of

rotation, 8 is any angle in the arc of

rotation and d@ {s angular velocity (which
dt

is constant throughout the system at any

particular angle 8), then it can be said

that the system upon impsct will continue

to rotate about all iapact points except

where the moments of momentum in the clockwise

direction equal the moments of momentum in the

coun*erclockwise direction, {i.e., the point

of impact where none of the motion of the

system goes into rotation but where all forces

are concentrated (max, transfer of energy).

To find this point, consider:




Point X is to be the impact point of max.
transfer of energy and, therefore, no new
rotation is caused (X is measured along the
container wall)., Forces to the right of the
impact point will tend to cause a clockwise
moticn and forces to the left will tend to
cause counterclockwise motion., Therefore,
the effective mass in the counterclockwise
direction would be X 2M, (2M being the mass
R

of two unit containers in tandem) which acts
at a certer of mass of r’= X from the impact

point and with v/= r/d@ (r’, measured from
t

P, equals X); the solution for the moment of
2
somentum in the counterclockwise direction is:

vigie g (M, 249, &

=4 g0 x}
2R " dt
The effective mass in the clockwise

direction would be R - X 2M which acts at
-

a center of mass q‘- R - X from the impact

point and with v¥s £7d@ (rYmeasured from p
dt

equals R + X); the solution for the moment of

2
momentum in the clockwise direction is:

o, ., - -
m¥4r4 R - X (2M), R+ Xd® , R-X,
2 2 de 2

=M dO(R+X) (R -X2
R - dt

As previously stated when the moment of
mcmentum in the clockwise direction equals the
moment of momentum i{n the counterclockwise,
none of the motion of the system goes into
rotation but is concentrated at the impact
point; therefore,

mlvlnl. n? v® 5'

M de x3-§_.d_e.(n¢x)(n-m2

2R *de ° 2R dt

expanding

XBaex) R -x2

a2 2R x0 - rx? .. 2?2
Xanrd.x2r-m2.x3
0 aR}-x%Rr - xe?

0 = -R(x2+em .Y
Solving for X gives a positive root at 0.62 R.
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Then it can be stated that the point of
moximum transfer of energy cn impact and the
point where none of the motion of the system
goes into rotation on impact is 0,62 the length
of the container (0.62R).

6. Now equating linear momentums to
angular momentum

2 MV (linear) = 2Mr d@ (angular)
de

2. (2n? ¥
from (4) dO o 4 , (1 - Cos @)
dt 2R+ 211

3 2

from (5) r = 0.62R

2

+ (20
S2MV - 2M (0.62R) |4, (1 - Cos @)
2R7- 21 ¢2 "
k) 2
which {s the effective momentum at the maximum
transfer of energy at poiat of impact for a

two container system tipping over in tandem.
Again, equating linear momentum to angular

MV = 2M r d0
1 2 dt

M, -Y2gs = 24, (0.62R)

RZ + (21)2 L
3 2) , (1 - Cos @)
2RZ+ 2l 1
3 2
and M = W
8

7. From (6), {t can be said the vertical
parameters necessary to give equivalent motion
and force during a free fall drop are now
equated to the rotational parameters of a two
contajiner pack tipping tandem onto a pallet
edgz 5" high.

MV s 2M r dO@
1 2 dat

¥ \2gs = 2, (0.62R)

-3 g
Ry + (2r) Y
4 2 (1 - Cos @)
2 R4+ 21 2’
3 2
"l s Weight of free falling body

W, = Weight of unit tipping over plus weight
of container
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g = Acceleration due to gravity
R = Length of pack
r = radius or half the width cf a unit container

0 = 90° - arctan 4r - arcsin _5
R .62R

From this equation, a solution for S
can be found, which is the distance the inm-
pact missile of the SMITE should be dropped
onto the unit container to simulate the most
severe rough handling environment that this
particular type ot shipping container will
experience.

Currently, the SMITE is required by
specification MIL-5-23665 as one of the major
procedures for preproduction testing of unit
shipping containers covered by that s;ecifi-
cation.

So far, this presentation has dealt with
more or less a specific packaging problem
whereas it is becoming more evident that many
packaging systems are being damaged by the
same types of impacts as described here.
Further, it has been observed that shipping
containers have received other types of la-
teral impacts whether from fork lifts, con-
tainers banging into one another, ramming
into projections from main structures in
storage aress or general rough handling in
transit. So accordingly, consideration is
being given to an evaluation of the types of
impacts containers receive during shipment,
storage and handling and subsequent modifica-
tion of the SMITE to accomplish a variety of
controlled reproducible test methods, For
example, damage caused by a fork lift could
be reproduced by changing the configuration
of the impact missile of the SMITE to re-
present fork lift tines and by establishing
the speed of a fork lift, the distance the
impact missile must be dropped to simulate
the effect of a fork lift ramming a pallet
load of containers can be caiculated. Thus,
a laboratory test can be performed with the
SMITE so that the effect of a fork lift ram-
ming a large pallet load can be predicted.

In summary, it is to be noted that a test
apparatus and procedure have been developed
to simulate a most severe shock impact that
shipping containers experience during the
transportation and storage environment. This
test method was developed after an evaluation
of damage reports revealed that certain Navy
electronic gear, especially those with a long
rarrow configuration, were being received at
the destination point in an inoperable con-
dition. The evaluation also revealed that the
containers housing this gear were being im-
pacted onto loading platforms or truck beds
or tipping over onto pallets or other such
protrusions or being rammed by fork lifts.
Though the specifications governing the afore-
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mentioned type of electronic ecuipment are
specific about the packaging of these itenms,

it became evident that there was a need for an
additional requirement which would insure the
structural integrity of shipping containers
when subjected to these lateral impacts.
Through extensive mathematical analyses and
laboratory tests, the velocity and force para-
meters of the impacts described were equated to
a vertical drop test. The equipment to ac-
complish this vertical drop test is the Simu-
lated Mechanical impact Test Equipment, Figures
3, 4 and 5.

When employing the Simulated Mechanicsl
Impact Test Equipment for laboratory evalua-
tions, it has been found that:

(1) Correlation between actual rough
handling environments and laboratory tests
is excellent.

(2) Reproducibility of test results is
readily achieved.

(3) The actual weight and size of the test
load can be reduced to an easily handled con-
tainer specimen, i.e. if a shipping container
houses 2,4,6----- 12, 24 etc, unit containers,
in general, the weight and size of the test
specimen in proportion would be the reciprocal
of the number of unit containers housed in the
shipping pack.

(4) Due to the reduced specimen size and
weight, only one test mechanic is required to
perform tests.

(5) The effects of rough handling en-
vironments on large shipping loads can be pre-
dicted from easily performed laboratory tests.

(6) For the reasons stated in (1) through
(4), considerable time savings are realized.

With the ever-increasing sophistication
to general types of equipment and the advanced
technology being employed in the field of
specialized systems, it is the objective of
the Aero Materials Department to exert equiva-
lent effort to insure that these equipment and
systems are protected adequately against trans-
portation and storage environments. The SMITZ
is one step of many steps to be taken in this
direction.
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ENVIRONMENTAL MEASUREMENTS

SUCCESS AND FAILURE WITH PREDICTION AND SIMULATION
OF AIRCRAFT VIBRATION

A. J. Curtis and N. G, Tinling
Hughes Aircraft Company
Culver City, California

pared to the measured flight vibration,

A captive flight vibration study program was conducted on a Phoenix missile
installed in the oJen weapons bay of the F-111B aircraft, The program in-
cluded a prediction of the flight vibration environment followed by a flight
measurements program and a laboratory vibration test of the missile.

The vibration environment of the missile was predicted wsing a statistical
method developed by one of the authors (Ref. 1). This method, which makes
use of measured data from flight tests of three different installations in high
performance aircraft is summarized in sufficient detail to explain the basis
of the prediction and analysis of the flight data.

Flight vibrations were measured on missile structure at fifteen locations.
The data were evaluated statistically using a digital processing method
identical to the process used in the prediction technique. Spectral density
data, normalized to dynamic pressure, are presented and comparisons

are made to the predicted vibration environment. From these comparisons
the areas of valid prediction, i.e., success, and some areas of weakness,
i.e., failure, of the method are delineated,

A rather sophisticated method was developed for the laboratory vibration
test of the missile in an attempt to simulate the aerodynamically induced
flight vibration. The method is explained in detail and the results are com-

INTRODUCTION

A statistical method for the prediction of the
aircraft vibration environment was proposed

by the senior author in Ref. 1. This method
was used to predict the vibration environment
of the PHOENIX missile during captive flight

in the weapons bay of the F-111B aircraft with
bay doors open. A paper (Ref. 2) to be preser=
ted at the 39th Shock and Vibration Symposium
by Kiwior, Mandich and Oedy describes the
program in which this vibration environment
was measured, A paper by Curtis and Herrera
(Ref. 3) described the laboratory vibration test
method developed to simulate the predicted ran-
dom vibration environment, using both input and
response control.

This paper examines the degree of agreement
between the predicted and measure environ-
ments and the degree to which the 1- boratory
test simulated the captive flight environment,
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PREDICTED VIBRATION ENVIRONMENT

The technique developed to predict the missile
captive flight random vibration environmesnt
grew out of the followir.,g observations. First,
the random vibration spectra obtained in a
number of different flight measurement pro-
grams could generally be described by a
broadband, approximately constant accelera-
tion spectral density with one or more rela-
tively narrowband spectral peaks superimposed,
While usually consistent for a particular mea-
surement channel, in general, the center fre-
quencies of these narrowband peaxs seemed
equally likely to occur at any frequency when
a large number of different measurements
were compared. Conversely, they were
unlikely to occur at every fr-quency simultan-
eously, as is implicitly assumed when the
envelope of a number of spectra is used as a
prediction. Second, the vibration magnitude
varies with the aircraft flight conditions and is
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generally believed to be most strongly de-
pendent on the free stream dynamic pressure,
¢. Third, there seems to be no basic reason
to expect that the vibration, for equivalent
flight conditions, in the same general loca-
tion or zone in different vehicles of the same
class should be significantly different.

Therefore, the basic assumption was made
that, after appropriate normalization with
respect to flight conditions, the random vi-
bration eavironment within the same general
location of all missiles with similar installa-
tion characteristics can be described by the
same spectrum. This ''general' spectrum
consists of a broadband spectral density with
several narrowband spikes superimposed.
The only significant difference between weap-
on bays, missiles, or between specific loca-
tions in the same missile for equivalent flight
conditions, will be in the center frequencies
of these spikes. It was further assumed that
appropriate normalization could be achieved
on the basis that the rms acceleration within
any relatively narrow bandwidth is directly
proportional to the free stream dynamic pres-
sure, q.

The method of obtaining the general spectrum
was one of:

a) Collecting all available flight measure-
ment data from various missile installa-
tions.

b) Screening, coding and tabulating the
data.

c) Normalizing the data with respect to q.

d) Computing mean valuss, variances,
etc., to obtain the most likely spectrsal
density at any desired value of q.

The vibration source data used for the predic-
tion of the Phoenix missile captive flight
vibration in early 1964 were derived from
measurements made on the GAR-11/F102,
GAR-3/F106A, GAR-9/B-58 installations.
These source data were put in digital form

by tabulating acceleration spectral density
values within each of 52 contiguous 10 percent
bandwidths (between 20 and 2650 Hz) along
with the respective flight conditions, measure-
ment location, and identification numbers,

The data was normalized using the following
severity factor, K, which is the slope of a

linear rms acceleration-dynamic pressure
relationship:

_ 1/2
K, = {W(fi) Bwi} /1

where

(1)

W(f,) is thf observed acceleration spectral
deniity (g /Hz) at frequency £;
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BW. is the bandwidth (Hz) with center
freciuency fi

The data were arranged into groups, based on
missile axis and location. For each group the
following quantities were computed at each
center frequency:

1. MeanK; (Ki)
2, Maximum Ki
3. Standard deviation of K; about Ki' (Si)
4, [K. +2.33 s.1
i L |

The broadband spectral density at a desired
value of q is estimated from

w5 = {R q, ] 7 BW,

while the spectral density of the narrowband
peaks may be estimated from:

- 2
wn(fi) '{(Ki +2.33 Si) qn}/BWi
(includes 98% of Rayleigh distribution)

Comparison of the severity factors betwe :n the
various groups revealed that there was no
significant difference in vibration severity
between missile body locations and between
missile axes. Therefore the predicted envir-
onment for the missile was based on a group
composed of all source data.

1t should be noted that the F-106A source data
contained in this group was modified. A
weighting factor of 0.36 was applied to the
spectral density values., This was an estimat-
ed factor to account for the difference in

"filled volume' between the two weapons bays.
1ln addition, this same data was smoothed.

That is, prior to statistical evaluation, the
data has unfortunately been averaged over band-
widths which were much greater than 10 per-
cent. While not affecting the average severity
factors, the standard deviations obtained were
unrealistically small in the very low frequency
range. Figure § shows the predicted broad-
band and narrowband spectral density computed
for a dynamic pressure of 1000 psf. (This
value of q is convenient for scaling to any other
desired q.)

MEASURED VIBRATION DATA

Flight vibration data was obtained from an
instrumented Phoenix missile installed in the
weapons bay of the F-111B aircraft. A de-
tailed description of this measurement pro-
gram is contained in reference 2. Briefly,
data from fifteen accelerometers mounted on
missile structure, as shown in Figure 2,
were recorded during straight and level flight
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with weapon bay doors open. The flight
conditions for which data were obtained
and tae correspe -ding overall root mean
square acceleration of the fiftecn accelero-
maters are tabulated in Table 1.

These flight data were reduced to acceleration
spectral density using the HAC developed
spectral analysis system described in Ref. 3.
Succinctly, the analyzer is a 10% constant
bandwidth comb filter system with 52 filters
with center frequencies between 20 and 2650
Hs. Because of the limited amount of time
that the bay doors were open an integration
time of only five seconds was used in the
analysis, This integration time gives a BT
product of 10.25 for the 20 Hz filter and

1225 for the 2650 Hz filter. These BT pro-
ducts result in mean square errors of 10

and 0, 08 percent, respectively.

Arrangement of the flight data in a form
suitable for presentation and comparison to
the predi:ted levels was accomplished by a
statistical evaluation using a digital process-

ing method identical to the process used in the
prediction technique. The data was arranged
into 15 basic groups each composed of data
from a single accelerometer channel. Addi-
tional groups were formed by combining the
basic groups. Severity factors, standard
deviations, etc., were then computed for these
groups using a linear q dependent model.
Broadband (W _(K)) and narrowband (W

(K + 2.33 S)) spectral densities compuPed for
a dynamic pressure of 1000 psf are shown in
Figure 3 for the computation group which
contains all flight data listed in Table 1.

VALIDITY OF PREDICTED ENVIRONMENT

Before comparing the predicted environment to
the measured environment, it is important to
examine two basic assumptions. The first is
the assumption of a linear q dependent model.
The second is the assumption that the vibra-
tion magnitude was similar for all locations
and directions.

The linear g dependent model used in the

TABLE 1
Flight Conditions and Overall Acceleration Levels

AMCRAFT PARAMETERS BROADBAND { 19-2780 Hz ) RMS ACCELERATION, g RMS
MACH m ALY, CH (<] CH CH [} CH [} (<] cH (] (<] cH CH (1] CH
"0, Mrvers: Fr n 13 1 13 s ) 8 1 " [ Qa & . ss 56
K 300 37,000 KRN I RN 78 0 | .8 o0 | 2 | 127} oaas a7 .87 .84 4 .2
.8 200 17,000 sy | a2 n 52 34| e s | 1] 107 | 1oe 34 . 85 . a8
K] 200 2,000 28 74 81 43 4 | .58 55 | 40 | .m .0 .29 .58 56 56 .
53 ar0 2,000 4 [ 102 | 100 | 0| .82 ] .5 oo | 69 150 ] 130 | 0 .8 8 | .8 .8
40 500 2,000 s | 1 | s | osee | 220 | 16 | 1e2 | 96 | 2.6 | 288 | s | 207 | 238 | 107 KY)
. 560 17,000 - - 1.1 - - | 100 | 199 ] 128 - ]2 - L - [ 150 =
118 5% 29,000 W 1s | o200 aeo | 1ma | 292 | 202 | 122 | 25 | 227 [ 108 | 11 | 18 | 14 | 18
1.3 540 3,000 105 | 2.0 | 2.3 | 3.87 | 278 | 270 | 2.9 | 266 | 300 | 306 | 1,78 | 298 | 241 [ 254 | 1,0
K 560 17,000 g8 | 1.0 | 203 | 208 | 100 | 208 | 208 ! 133 | 269 | 264 | 101 [ 205 [ 108 [ 2,67 | 121
K] 700 17,000 100 | 228 | 289 | 238 | 2,28 | 2350 | 2m |14 | oa2e | 2.9 [ 130 | 238 [ 227 [ 2.1 | 1.6
8 530 18,000 Je ] 17e foaee | 274 ] 1es | 198 | 204 ) 134 | 278 | 260 | 95 | 10 [ 274 | 183 | 228
. 740 18,000 183 [ 237 | 2091 | 257 | 2.4 307 [ 308 ] 180 | 363 | das [ 145 | 266 | 240 | 234 | 101
.0 500 2,000 - - 1.30 - - La 130 .8 = 178 - 1109 | = | 104 -
1.30 58 30,000 140 | 278 | 400 | 400 | 5,87 a3 | a3 | 2,00 | 592 | 3.9 248 | a6 | 356 | e | 2.
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statistical evaluation of the flight data implies
that the rms acceleration in any bandwidth (for
a given accelerometer location) is directly
proportional to the dynamic pressure. This
assumption was based on observations of

data from many previous flight mes2surements.
It implies that the spectrum shape remains

1. Mean frequency (F) =

2. Area Moment redius about F(N\'.o) =

Computed for Group composed of all Flight Data

conatant (i.e., the spectral density will in-
creise everywhere by a decade for a 3.16
factor increase in dynamic pressure).

During the computer :valuation of the Phoenix
fligh' data the following parameters were
calculated for each spectrum:
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3. Overall Severity Factor (Ko) =grms/q

At a given location, these parameters should
be constant for all flight conditions if the data

follows a linear q model.

Table 2 liste the

values of these parameters with their corres-
ponding flight coaditions for the data from

accelerometer 33.

It is evident from this table that, for this
particular channel, the spectrum shape and
overall severity have a definite trend with
Mach No. The mean frequency and overall
severity factor increases with increasing
Mach No. amd the radius of gyration about the
mean frequency decreases with Mach No.

The overall severity factor (K )is plotted vs
Mach No, for this channel in Figure 4. Tkis
figure is typical of all channels and indicates
that the overall severity has an increasing
trend with Mach No. The deviations from the
linear q model in the frequency domain can
be studied by examining the parameter S.IKi.
shown in Figure 5 for the data from accelerd-
meter 36, The values shown on this curve are

typical of all channels.

It is apparent that

there is more spread in the higher frequeancy
region (i.e., the standard deviation over mean
severity factor is significantly higher in the

TABLE 2
Spectrum Characteristics - Channel 33
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Z  0,0050 O
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Y, 0.0025
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E (¢}
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0 0.2 04 06 058 1.0 1.2
MACH NUMBER
FIGURE 4 Overall Severity Factor

Versus Mach No, -
Accelerometer No, 33

Dynamic -
Altitude Pressure F R

Mach No. Ft psf Hz HE K,

0.45 2000 280 924 738 0. 00152
0,53 2000 420 1080 670 0.00190
0.60 2000 500 1087 674 0.00213
0.60 17000 280 939 697 0. 00186
0.65 2000 580 1149 653 0. 00246
0.70 10000 500 1175 659 0. 00256
0.70 2000 680 1189 638 0. 00245
0.70 10000 530 1232 606 0.00328
0.76 10000 500 1072 655 0. 00257
0. 80 2000 880 1225 610 0, 060297
0. 85 2000 1000 1294 567 0. 00296
0, 85 10000 740 1282 569 0, 00348
0. 85 17002 560 1270 569 0.00348
0.90 2000 1160 1305 565 0. 00305
0.95 2000 1240 1330 549 0. 00336
0,95 17000 700 1302 558 0. 00339
0.9 37000 300 1177 633 0. 00260
1.05 22000 660 1321 555 0. 00382
1.05 22000 660 1334 533 0.00422
1.05 22000 660 1350 534 0. 00387
1.15 17000 1020 1395 478 0. 00504
1.15 17000 1020 1395 470 0. 00524
1.15 17000 1020 1396 473 0. 00498
1.30 30000 750 1423 462 0. 00558
1.30 36000 540 1401 471 0. 00569
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upper frequency range). In effect this means
that either the model is less satisfactory in
the high frequency region or that there are
more psrturbations (‘. e., non-linear effects,
etc. ) at higher frequ~ncies. From the pre-
vious discussion of the data in Table 2, it
was noted that the mean frequency of the
spectrum increased with increasing Mach No.
All this strongly suggests that the high fre-
quency vibration severity is a function of
both Mach No. and the dyn.mic pressure,
while the low frequency range is mostly
depeadent on dynamic pressure alone. To
further examire this trend, the data were
re-evaluated using the following model for
severity factor:

K] ={wi x BW.J— "7/(; xM

Figure 6 contains a plot of S, /K! for the data
from accelerometer channel'36. This can be
compared to the plot in Figure 5 which is a
plot of the sarne quantities calculated for the
linear q dependent model. This comparison
shows that the ratio of Si/K. is greatly affec-
ted by the model chosen. In the low frequency
region below approximately 400 Hz the linear
q dependent model has the lowest ratio of

S Il{ Above approximately 400 Hz the g x M
n*odél has the lowest ratio of S./R.. A final
examination of this trend was p‘erfarmed by
computing the overall acceleration level be-
low 400 Hz for the dsta from accelerometer
channel 36 using a linear q dependent model.
The overall ceverity factor (K_) based on the
recomputed acceleration levels is plotied vs
Mach No. in Figure 7. Note that the trend
with Mach No. is insignificant thus indicating
a linear q deperdent miodel ie valid for this
frequency range. In conclusion, thelinear q
dependent model is satisfactory except in the
high frequency (above 400 Hz) range of the
speztrum where the severity factor increases
with increasing Mach No. At present there
has been no investigation of thk: causes of this
Mach No. dependency, which, if present, was
not evident in other installations. For the
purpose of comparing the measured and pre-
dicted environments, the linear q-dependent
model is satisfactory ‘ince:- i) the prediction
employed a linear model; 2) the model is very
accurate for 4 1/2 octaves of the 7 octave band-
width; 3) the Mach No. effect changes the levels
significantly only for high q and high Mach No.
conditions for which no data exists; and 4) the
difference in standard deviations of severity
factors above 400 Hz for the two models (see
Figures 5 and 6) is not overwhelming.

During the prediction study, the missile
vibration data was evaluated for groups of

data from varicus rugions of the missile (i.e.,
mid, aft, forward and missile axes). However,
because no significant differences between
regions were found, the J°hoenix requirements
were based on an evaluation group composed
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of all locations and directions. The flight
data was examined for these trends by com-
paring mean severity factors between various
regions and directions. After compariny the
various severity factors it was concluded that
with the exception of the lateral aft region,
which was slightly more severe than any other
location, vertical and lateral vibration severity
was similar throughout the missile. Longi-
tudinal severity factors were approximately
one half the severity factors for the vertical
and lateral directions.

A comparison of the predicted environment to
the measured environment on an overall or
volumnetric basis can be made by examining
Figures 8 and 9. Figure 8 is a plot of the
ratio of mean severity factors vs frequency
and Figure 9 is a plot of the ratio of the ratios
of standard deviation to mean severity factor
vs frequency.

Figure 8, the ratio of mean severity factors,
indicates that the predicted severity factor
compares very clusely with the measured
severity factor. The ratio oscillaves about a
value slightly less than unity., Only two fre-
quencies exceed + 3 db which is unconservative
while three clusters of three or four frequencies
exceed - 3 db, approaching - 6 db. Considering
the customary t 3 db *olerance used in vibra-
tion testing, the difference between predicted
and measured values is considered small.

The ratio of the ratios of S/K indicates that
there is more spread in the measured data
(i.e., this ratio oscillates about a value great-
er than unity).

In the very low frequency (below 35 Hz) only
the previously smoothed data contributed to
the predicted values. Thus unrealistically low
/ii (predicted) values influence Figure 9.
Above 250 Hz, the previously discussed Mach
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Nb>. effect tends to give high §./K. values.
Even allowing for these factors, it does
appear that the variability of severity factor
within a missile is as great as the variability
between different missile/aircraft installa-
tions.

LABORATORY VIBRATION SIMULATION

1t is customary to describe the laboratory
vibration environment in terms of the speci-
fied vibration excitation of a test item. In
this case, the degree of iaboratory simulation
would be assessed in terms of simulation of
excitation. However, to be consistent with
the prediction technique employed to derive
the vibration test parameters, both excitation
and response vibration levels are controlled,
as described in Ref. 3. Then both excitation
and vesponse levels may enter into assess-
ment of the simulation. However, for the
missile test, no attempt was made to simu-
late the excitation in the testir.s .i the missile.
During captive flight with bay duc.rs open, the
excitation is aerodynamic and occurs over the
entire missile surface whereas in the labora-
tory the excitation is applied to the missile at
a single point for any one test. There is,
therefore, no simulation of modal excitation.
It should be expected that the dynamic rela-
tionships between locations in the missile
that occur in captive flight will not be dupli-
cated in the laboratory.

Therefore, in the laboratory test, no attempt
was made to duplicate the vibration level at
particular missile locations. Rather the
objective of the method was to produce an
"average" or "volumetric' vibration response
throughout the missile equivalent in severity
to the predicted response. It will be zeen
that the use of multiple successive excitation
points to achieve this objective is crucial.
The following method was used in an attempt
to simulate this average response.

The missile, suspended by the launcher
attachments, was subjected to broadband
random vibration. The excitation was success-
ively applied at the forward and aft ejection
bulkheads for the vertical and lateral direc-
tions and, since it was the only practical loca-
tion, at the aft end of the missile for the longi-
tudinal direction.

Accelerometers at the excitation locations
were controlled to a spectral dengity based

on the predicted mean value (W_(K)) shown

in Figure 1. Other accelerometere were
locate at a number of locations on missile
structure representative of likely locations
for flight measurements. The spectral
density values at these accelerometers were
limited to a value based on the extreme spec-
tral density (wn('iz + 2.338)) of Figure 1 by
reduction of the excitation in narrow frequency
bands which corresponded to frequency bands
of maximum responge. A detailed description
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of the implementation of this test method
is included in Ref. 3 and will not be repeated
here.

To compare the results of the laboratory tests
to the measure:l environment, it was necess-
ary to treat the test data as if it were a set of
flight data, all mzasured at a dynamic pres-
sure equal to the dynamic pressure upon which
the test levels were based. For each accel-
erometer location, a maximum vibration
specirum was compuied by enveloping aii
spectra obtained at that location during the
several excitations. These maximum spectra
viere then normalized with respect to q and
equivalent severity factors computed. These
data were then formed into comparison groups
analogous to those used in evaluating the flight
data. Mean values and standard deviations of
the severity factor for these groups were
computed.

1t would perhaps be most ratural to compare
the test results to the predicted environment
in order to assess the degree of simulation
achieved. However, the measured environ-
ment was nowat hand and the major emphasis
was to assess the degree to which the test had
simulated the measured environment. Since,
as discussed earlier, the measured and
predicted environments were in good agree-
ment, comparison to the measured environ-
ment was satisfactory.

Figures 10 and 11 demonstrate the degree to
which the "volumetric' missile response
was simulated. Figure 10 is a plot, vs fre=-
quency, of the ratio of the mean severity
factor from flight data to that from laboratory
test with all data included in the groups,
similar to Figure 8. Figure 11 is a plct, vs
frequency, of the ratio of the ratios of stand-
ard deviation to mean severity factor, simi-
lar to Figure 9. Close simulation is achieved
if these two plots are close to unity across
the frequency range although it is probably
desirable to have the K ratios somewhat less
than unity to achieve some conservatism.
From Figure 10, it is concluded that the test
levéls were somewhat deficient above 200 Hz
while from Figure {1, it appears that the
maximum response spectral density was set
at too low a level (relative to the maximum
input spectral density) since the S/K ratio
oscillates about a value greater than unity,
However, during the laboratory tests there
were only a few frequency bands where ex-
citation was reduced in order to limit the
response and these wer~ usually below 200
Hz. Thus it is believed that the major factor
in the inadequacy of the test levels above

200 Hz was in fact due to the rapid attenua-
tion with distance from the excitation point,
1n the higher frequency region, there was
very little amplification of the excitation

and the extreme response values were not
approached. This factor points out the
difficulty of simulating aerodynamic
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excitation by single point excitation and the
need to conduct successive excitation at a
number of points.

Ia spite of these difterences, it is believed
that Figures 10 and 11 show that the degree
of laboratory simulation, judged on the basis
of all acceierometer locations, was remark-
ably good.

The degree of simulation achieved at a parti-
cular location is, as should be expected, less
satisfactory and highly variable. Figures 12
and 13 present the ratio of K from flight data
to test data for the forward ejection bulkhead
in the lateral and vertical directions res-
pectively, These were excitation points dure
ing test. In this case, K for the test data is
actually the severity factor from the maximum
test spectrum for that location. Since the
ratio of the maximum to the mean severity
factor for the flight data was between 2 and 3,
good simulation would be achieved if the R
ratios in these figures fluctuated between
unity and approximately 0.3, Figures 14 and
15 are similar plots for the guidance unit
bulkhead in the lateral and vertical directions
respectively, which were response control
locations during test. The difficulties of
simulating an environment in any detail at

a number of points is readily apparent from
the variations in and between these four figures,

In addition to the previously mentioned diffi-
culty due to attenuation with distance from
the excitation, it is now apparent that use of

a single accelerometer for input level control
also contributed to the degraded simulation,
As discussed in Ref. 3, use of a single accel-
erometer prevents the occurrence of a spec-
tral density value greater than the mzan value,
at least while excitation is applied at that
point. To explore the possible improvement
in simulation to be achieved by use of the power
average of several accelerometer signals for
the test level control, the laboratory test data
for vertical excitation at the forward ejaction
bulkhead was examinzd. Figure 16 is a plot
of the spectral density at the input point and
the maximum response spectrel density ob-
servad at any other location on the miseile
using the single accelerometer for input level
control. Figure 17 is 2 plot of a computed
input spectral density, using the power aver-
age of three accelerometer signals and the
computed maximum response spectral density
which would occur with the computed input,
assuming linearity of response. A detailed
discussion of the locations, etc, of these
maximum response spectra is beyond the
scope of this paper. However, the improve-
ment in simulation of the high frequency spec-
trum above 200 Hz is evident from comparison
of these figures.
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CONCLUSION

This paper has attemped to describe, within
reasonable limitations of time and space,
the results of fforts spanning almost five
years covering the prediction, the simu-
lation, and finally, the measurement of the
captive flight vibration environment of the
Phoenix missile. While the title selected
(before much of it was written) was perhaps
rather strongly worded, the study is be-
lieved to illustrate the basic validity of the
prediction and test methods described while
pointing out some of the limitations which
generally face the dynamicist working on
this type of problem,

The major conclusions which the authors
draw are as follows:

1. Oa an overall or "volumetric' basis,
the prediction technique yielded very
satisfactory results.

2. On a similar basis, the simulation
technique also yielded satisfactory
results,

3. Neither the prediction technique nor
the simulation technique should be
expected to match the measured en-
vironment in much detail, Further
the variability observed in the mea-
sured environment was such that the
likelihood of any technique being able
to do so appears quite small.

4, Although it has been rather generally
agreed that the linear q~dependent
model is a valid one, the discovery
of the Mach No. dependence for fre-
quencies in excess of about 400 Hz
for this installation was surprising
and perhaps significant for future
development of prediction techniques.

5. While the test methods employed en- H
tail some complexity, the vibration :
of test objects of significant dimene
sions and weight, such as the Phoenix
missile can only have real significance
with respect to the usage environment .
if: 1) the response of the test object ]
is employed in control of the tests;

2) the excitation is applied at a number
of points, either successively or possi-
bly simultaneously; and 3) the excita-
tion is controlled from the power average
of several accelerometers.
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DISCUSSION

Mr. Naylor (Defence Research Establish-
ment, Suffield, Canada): 1 do not remember
yoOur or ormula very closely, but I be-
Leve the severity waz proportional to the dy-
vamic pressure. So it is proportional to Mach
number squared. Now you find that this only
apvlied up to 400 Hz. Above this it is propor-
tion:l to Mach number cubed. I would like to
get your views on why this should be. I think
maybe it is because up to 400 Hz we have bend-
ing effects and beam vibratione in the missile,
ard above this it goes into panel resonances,
and the panel resonances are more susceptible
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to acoustic excitation. Would this theory have
your support?

Mr. Curtis: I really think that the most
honest was of answering that question is that
we have not really tried to explain this phenom-
enon that we have found. It seems to be there,
we have not had a chance to try to get an ex-
planation. But it does seem to be something
that should be incorporated in future efforts
in trying to make a prediction. I certainly have
no quarrel with the postulate that you just made,
but [ am pot sure that I am qualified to agree
with it, either.




PHOENIX ENVIRONMENTAL MEASUREMENTS
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discussed.

A description of the PHOENIX T-20 Data Acquisition Instrumentation
System is given. The PHOENIX T-20/F-111E Bay Environmental
Measurements Flight Test F'rogram is discussed. Early unsteady
bay pressure predictions and actual .neasurements are compared and

INTRODUCTION

A series of experimental cartive flight en-
vircnmental measurement testz of a PHOENIX
missile in the weapons bay of an F-111B air-
craft was conducted to measure and record
vibration, shock, structural responae, grosse
loade, temperature, aerodynamic pressure and
scoustic environments. The mezsurement sys-
tem consisted of two parts: A tactical missile
with seiacors and required signal conditioners,
multiplex system, onboard tape recorder, and
power regulation system substituted for various
internal components; and a tactical launcher
with flexure devices replacing the launcher
ejector mechanisms to measure hook loads and
missile gross loads. A total of eighty-six
channels of data including aircraft parameters
were recorded.

The first portion of the paper describes
the flight test program, the hardware and in-
strumentation, and the perfcrmance of the
measuring system in field usage. The second
portion of the paper describes the fluctuating
pressure measurements, the approach used to
make early estimater of the severity of the bay
unsteady pressures, and the comparison be-
tween estimited and measured values.

Captive flight environmental measurement
teste of a PHOENIX missile in the weapons bay
of an F-111B aircraft were conducted during
the period of 30 March to 3 Auguet 1967 to ob-
tain data to verify and/or update the miesile
load and environmental design requirements.
The instrumented missile system consisted of
an instrumented missile, instrumented launcher,
and a magnetic tape recorder carried within the
missile. The program was limited to environ-
mental measurements in the weapons bay with-
out any adjacent stores.

The original captive flight vibration and
acoustic pressure environmental deoign
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requirements for the PHOENIX missile were
determined by grouping, sculing, and extrapo-
lating measured dats from various air-to-air
missiles flown on other aircraft. The nivassile
and launcher dynamic loads were piedicted
from thz estimations of the bay preesure ex-
citations. The confidence intervals associated
with the vibration, fluctuating prensurs, and
dynamic load predictions were such thut experi-
mental verification of the design levels was
required.

PHOENIX T-20 MISSILE

The PHOENIX T-20 measurement system
was dependent on the mother airc raft for power
and recorder command signale only. This way
desired to minimise changee to the aircraft to
accommodate the mieeile, and wae particularly
advantageous since measuremente were to be
obtained on the wing pylon 2s well as in the bay.

The missile employed in obtaining the en-
vironmental measurements in this test program
was designated T-20. In order to provide
meaningful measurements of actual conditione,
T-20 was designed to be dynamically similar to
the tactical missile. It utilized a tactical
fuselage, tactical wings and control surfaces,
tactical radome, and a tactical (inert) rocket
motor. The data acquisition instrumentation
was substituted for various internal componente,
but tactical weight and center of gravity were
maintained. Temperature measuremants inthe
bay were made primarily to evaluate tempera-
ture effects on the dynamic instrumentation.

The missile instrumentation system con-
sisted of sensors and required signal condi-
tioners, a multiplex systemn, zn onbourd tape
recorder, a power ragulation system, and as-
sociated electrical wiring. Special force
measuring mechaniems were designed, fabri-
cated, and installed in the bay launcher to mate




the launcher to the PHOENIX missile, A
descriftion of the measurement system, trans-
ducers, channel frequency responses, loca-
tions on the T-20 missile, and multiplex fre-
quency band are presented in the following text,
A block diagram of sensor locations is shown
in Figure 1.

Accelerometora

The missile was instrumented with 19
crystal accelerometers having a frequency re-
sponse range from 5 to 2000 Hx, and 4 strain
gage accelerometers with a frequency range
from 0 to 300 He. The transducers were
mounted at various missile stations along the
longitudinal, lateral and vertical axes.

All accelerometers located in the missile
fuselage were calibrated to #25g pk-pk, Fig-
ure 2 shows a front view of the guidance section
bulkhead with two strain gage zccelerometers
snd amplifiers and three crystal accelerometers
installed. The large steel cylinder in Figure 2
is ballast to maintain c. g. and weight require-
monts., Figure 3 shows the accelerometer in-
stallation at station 59.5 between the armament
and guidance sections. The accelerometers at
stations 127 and 146 are shown in Figures 4
and 5, respectively. Figure 6 shows the ac-
celerometers at station 82.3 as well as 2 num-
ber of signal conditioning ampiifiers.

Acoustic Microphones

Two crystal microphones were mounted
flush with the misasile fuselage, one at missile
station 39 at 6 o'clock and another midway be-
tween control surfaces 3 and 4 at 9 o'clock
(looking forward). The microphone-umplifier
systems were calibrated to measure a maxi-
mum of 162 db within a frequency band from 10
to 10,000 Hs. The microphones were later re-
calibrated to 173 db full scale to avoid clipping
occasional peaks anticipated at the more se-
vere environments.

Reeistarce Thermorjeters

Temperature sensitive film resistors of a
nickel base material were used to detect tem-
peratures, These were electrically connected
in a one active arm bridge to produce a full
scale signal variation for temperatures from
-750F to +300°F, A typical installation is
shown in Figure 7.

Pressure Transducers

Nine strain gage pressure transducers
with dc amplifiers were instalied on the mis-
sila. These were located on the right side,
left side, and bottom cf the missile near the
front, middle, and aft sections of the missile,
The transducers employed were the absolute
pressure type, calibrated to 25 peia to allow
for the altitude effect on pressure. These
ssnsors were capable of measuring quasi-
static pressure variations.
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Force Megsurement Mechanigme

The ejection hook boxes, mounted in the
launcher to which the missile hooks normally
attach, were replaced with specially designed
Force Measurement Mechanisms (FMM). These
units were designed specifically for the F-111B
bay launcher and pylon. Figure 8 shows a
sketch of an assembled FMM while Figure 9
shows an exploded view. Two of these units
were required to mate the missile and launcher,
one for the forward hooks and one for the aft
hooks. A third unit was fabricated and main-
tained as a spare. The FMM had strain gaged
load links arranged to measure 4 forces, right
and left vertical, lateral and longitudinal.

Since the PHOENIX aft hooks are designed
to tranemit no longitudinal load, the aft longi-
tudinal link was not monitored. Thus, seven
data signals defined the three missile loads
{vertical, lateral, longitudinal) and three mo-
ments (roli, pitch, and yaw).

Individual tests were performed on the
force measurement mechanisms to calibrate
them for measuring missile hook loads. The
calibration loads were applied using a special
loading fixture both along one axis at a time,
and with six load componants applied simul-
taneously. A statistical twenty-five point com-
bined loading schedule was utilized for the com-
bined loadings. Calibration constants were
determined using a multiple nonlinear regres-
sion digital computer program. The coeffi-
cients were subsequently utilized to determine
miseile hook loads from flight test signals.

Two force measurement mechaniems were
then installed in the bay launcher and a com-
bined missile-launchcr test performed to cali-
brate the launcher for missile gross loads and
moments. The test consisted of installing the
missile on the launcher in a loading fixture,
applying combined loads and moments, and
measuring the resultant FMM signals. Distrib-
uted loads were applied by means of mechanical
jacks and whiffle trees. A simiiar statistical
twenty -five point combined loading schedule
and the multiple nonlinear regression digital
computer program were used to determine
calibration constants. The coefficients from
this test were utilized to determine missile
gross loads and momenis from the flight
measurements.

Wing and Control Surface Bending Transducers

Forward and aft wing lugs as well as con-
trol surface shafts were instrumented with
strain gages to sense bending moments. Con-
trol surface shafts were also instrumented to
sense torsion. Typical wing lug and control
surface strain gage installations are shown in
Figures 1C and 11, respectively. All of the
strain gaged missile components produced ap-
proximately +10 mv full-scale signal for full-
scale load. These data channels esmployed low
input level voltage contrclled oscillators (VCO)
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Figure 8, Assembled view, force
measurement mechanism
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Figure 7 - Typical resistance
thermometer installation

Figure 9 - Exploded view, force
measurement mechanism
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in the multiplexer section of the data acquisition
system.

Both the wing lug and control surface strain
gage transducers were load calibrated. Full-
scale load was first applied, and the signal
conditioning circuit adjusted for full-scale out-
put. Loads were then applied in increments of
20% of full scale, and the output voltages re-
corded. A standardization resistor was shunted
acroes one leg of the bridge, and the resulting
output was also recorded. The minimum least
squares linear fit was determined for each
trancducer.

Fuselage Ber.'ing and Launcher Attach Link
al & e

Straln ]

Strain gage transducers were installed on
the T-20 fuselage to measure bending. Verti-
cal and lateral sensors were instalied at sta-
tions 41, 59.5, and 80.

The launcher as mounted in the bay of the
F-111B is attached by redundant brackets on
the outboard side and pinned by links on the in-
board side. These inboard links were equipped
with strain gages and calibrated to measure the
loads transmitted from the launcher to the bay
floor,

MULTIPLEX/DEMULTIPLEX SYSTEMS
Multiplex System

The multiplex system consisted of 84 sub-
carrier voltage controlled oscillators (VCO),
one reference oscillator, 13 mixer amplifiers,
one VCO voltage calibrator and a mounting
chassis with the necessary interconnecting
wiring, connectors, and test points. The multi-
plex system provided a means of recording 84
channels of data on 12 tracks of a 14-track on-
board tipe recorder. Each of 12 mixer am-
plifiers accepted the outputs of seven subcarrier
oscillators. The seven subcarrier frequency
bands were the sume for each of the 12 tracks.
The subcarrier voltage controlled oscillators
changed the analog data being measured into
frequency modulated data. The amplitude of
the analog signal became the magnitude of the
oscillator frequency, and the frequency of the
analog signal became the rate of change of the
oscillator frequency. This system of data re-
cording had several advantages. It allowed
simultanecus recordings of seven non-
overlapping data channels on each tape track
and it afforded greater accuracy than direct or
analog recording. In addition, frequency modu-
lation permitted recording dc signals which is
not possible with direct recording. Data chan-
nels with ceater frequencies of 5.4 ke, 12.5 ke,
20.8 kc, 29.2 ke, 37.5 ke, 64.0 kc and 96.0 ke
were employed on each tape track. Figure 12
shows a schematic diagram of a typical track
of data made up of seven chanrels. High level
VCO's requiring an input signal of 0-5 volts
were used for the amplified channels while low
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level VCO's requiring £+10 mv input signal were
used with the strain gage channels. A 128 kc
reference oscillator signal was mixed on each
.*ack in order to provide a means of flutter
compensation upon playback. An additional
mixer amplifier was used at the output of the
reference cscillator to ensure adequate isola-
tion between multiplex tracks. A voltage cali-
brator provided precise calibration voltages
simultaneously to all subcarrier oscillators.
The calibrator also provided a calibrate com-
mand signal to operate the calibrate relays in
each of the subcarrier oscillators.

Figures 13 and 14 show the bottom and top
view of the Multiplex System/Tape Recorder
Assembly on which the majority of the VCO's
were mounted. Upon command from either the
Ground Checkout Box, or the Aircraft T-20
Control Panel, the input to the VCO's was
switched from the sensor signal conditioners to
the calitzate relay. A three-level VCO cali-
bration voltage was then sequentially fed to each
VCO. In actual system operaticn, these cali-
bration voltages were automatically recorded
on the magnetic tape prior to each data run.

The calibration sequence could also be mzrually
stepped from the Ground Checkout Box.

Demultiplex System

The demultiplex system (ground station)
was used to convart the frequency modulated
(FM) data, which was recorded in the direct
mode on the missile tape recorder. backtoa
usable analog format. It consisted of 4 data
discriminators, one reference discriminator,
2 delay lines, 13 channel selectors (filters),
10 output filters, one reference discrimination
filter and one reference channel selector. This
equipment enabled data to be reduced from any
4 channels on any two tracks of either the even
or the odd recorder heads. Tape speed com-
pensation, using the 128 kc reference signal,
was an integral part of this system. This tape
speed compensation reduced the effect of tape
recorder wow and flutter by 30 db.

TAPE RECORDER

The tape recorder and associated record
electronics, as thown in Figure 14, was em-
ployed. Tracks 4 and 6 were standard FM to
give a frequency response of 0-10 ke desired
for acoustic data, The remaining 12 tracks
employed direct record electronics with a fre-
quency response of 500 cycles to 150 kc. The
tape transport aystem had a capacity of 1200
feet of one inch wide, one mil tape. The
machine operated at 30 inches per second pro-
viding a total available recording time of 8
minutes. The recorder head configuration was
standard IRIG allowing tape playback on any
other IRIG tape machine. Although the data on
all tracks was frequency modulated, it was re-
corded in the direct mode, and therefore had to
be played back with direct reproduce amplifiers
through the demultiplex system.
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SPECIAL EQUIPMENT

A T-20 Ground Checkout Box was used to
check the operation of the instrumentation
sensing devices and signal conditioners. Every
channel could be monitored with this uzit con-
nected to the missile. Provisiun was made to
supply power to the missile through the chech-
out hox eliminating *he need for aircraft power,
Resistance-calibration resistors for the strain
gage and FMM channels were provided inter-
nully and could be switched into the circuit for
checking purposes. A precision meter and an
oscilloscope were provided for monitoring pur-
poses. 'n addition, the cunsole provided re-
corde fu, ction control with voice annotation
capr.pilities.

The aircraft T-20 control panel, located in
the A/C cockpit, had the functions of power on/
off, camera on/off, and recorder on/off, The
recorder could be operated either in an auto-
matic 22 sec. mode or in 2 continvcus mode.

In the latter mode, the tape recorder would
continue until the function switch was returned
to the "off'" position, or until the B minutes of
tape was expended, in which case the tape re-
corder would automatically tarn off.

AIRCRAFT PARAMETER INSTRUMENTATION

In addition to the instrumentation already
diocussed, provision was made to record air-
craft altitude, Mach number, vertical load
factor, pilot commentary, and IRIG "B' timing
signal.

Altitude agd Mach Number

Aircraft altitude and Mach number were
both avaiiable in tergas of two of the three volt-
ages of a three phare synchro system. There-
fore, two data chaunels were required for each
parameter. The 40U cps synchro voltages
were conditioned by an AC/DC converter and
scaled to be compatible with the multiplex sys-
tem voltage controlled oscillator input require-
ments. In actual operation, Mach number and
altitude were both independent variables.
Therefore, great care was exercised by the
pilot to fly the aircraft at the prescribed
conditions.

Yertical Acceleration

Aircraft vertical acceleration was avail-
able from aircraft instrumentation as a propor-
tional dc voltage. Signal conditioning was re-
quired to make the signal compatible with the
multiplex system. Most flight conditions were
straight and level; however, for the six sym-
metrical maneuvers, the data to be analyzed
could be accurately located using vertical ac-
celeration as a parameter,

Pilot Commentary and IRIG "B" Timing

Provision for pilot commentary was de-
signed into the data acquisition system. An
IRIG "B' time code was recorded in every case
to provide an accurate means of channel to
channel cross reference.

FLIGHT TEST PRCGRAM

The Mach number and altitude for each test
point that was tlown are shown graphically in
Figure 15, Circled points indicate straight and
lavel flight at constant specd. Thase points
with a numberr alongside the circle indicate that
a maneuver wvas performed during the data re-
cording period. The flight test parameters
(Mach number, altitude dynamic pressure, air-
craft angle of attack, maneuver, and wing
sweep angle) are listed in Table 1.

The PHOENIX T-20 missile was installed
in the starboard eide of the F-111B bay as il-
lustrated in Figure 16. Figure 17 shows a side
view of the missile in the bay. The adjacent
rort side of the bay was vacant for all tests.

In performing the bay-flight points at
straight and level flight, the pilot brought the
dircraft to the specified flight condition, alti-
tude and Mach number, and stabilized at these
conditions. When all was ready, the Missile
Control Officer (MCO) started the tape re-
corder to begin recording data. Four seconds
after starting the tape recorder, he would open
the bay doors. The tape recorder shut off
automatically after 22 seconds. On several
occasions, the manual tape recorder mode of
operation was used to facilitate the timing of
aircraft maneuvers with the bay doors opening
sequence,

Motion picture coverage was provided to
show the motion of the fuselage, wings and
control surfaces during flight. The camera
was mounted in the forward end of the b.y
slightly to the port side of center and looked
almost axially aft along the length of the mis-
sile and bay. The camera was started by the
MCQO a few scconds before the bay doors
opened and shut off at approximately the same
time the doors were closed.

A preflight and postflight checkout of each
channel was conducted using the Ground Check-
out Box. Immediately after each flight, time-
history plots for all channels were carefully
inspected for indications of data system mal.
functions or data clipping, and to ensure that
unexpected, excessive missile/launcher loads
were not occurring. This data reduction and
evaluation cycle was performed rapidly to
cause minimum delay to succeeding flights. In
several instances data channels were rescaled
to better match full scale recording levels to
actual data.
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VOLTAGE CONTROLLED
OSCILLATORS (vCO)

Figure 13 - Bottom view of multiplex system/
tape recorder assembly

Figure 14 - Top view - multiplex system/
tape recorder assembly
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The F-111B bay test flights were flown out
of the Hughes Aircraft Culver City, California
facility. Chase plane coverage was provided
by the Navy facilities at Point Mugu. Missions
were flown on the Point Mugu Test Range and
the Edwards AFB Supersonic Range. The
measurement system performed excellently in
field usage resulting in a very successful 90%
data retrieval for the entire flight program.

On several occasions throughout the flight
test program, various channels of data were
lost. However, because of the rigorous post
flight checkrut and quick look procedures, re-
placement and repairs could be made before the
next flight.

Post Flight Data Reduction and Evaluation

A more detailed data reduction and evalua-
tion phase was performed after all flight tests
were coiapleied. For a description of all ‘he
measurements, their data reduction and their
data evaluation, one is referred to Refs. 1 and
2. Rei. 2, a paper to be presented at the 39th
Shock and Vibration Symposium by Curtis and
Tinling, examines the degree of agreement be-
tween the predicted and measured vibration
environments. In this paper the unsteady pres-
sure measurements are presented and com-
pared with those used for structural design.

PHOENIX BAY PRESSURE PREDICTIONS

A particularly difficult problem in the
early design of the PHOENIX missile, was the
establishment of open door design loads cri-
teria for the missile in the F-111B bay. The
criteria were needed to estimate an upper
bound on osciliatcry loads and vibratory re-
sponses in order to size the missile and
launcher structures.

Aircraft flight experience with the Falcon
series of missile manufacture: oy Hughes Air-
craft Company had shown that a severe vibra-
tion environment often exists in a weapons bay
when the doors are opened. Visual examina-
tion of accelerometer and strain gage traces
had shown that bay mounted structures tend to
be most highly excited at their lower struc-
tural frequencies and to respond with high
stress levels. It seamed likely that the forcing
frequencies must form a continuum, so that all
structures placed in a bay would vibrate,

The engineering significance of the prou-
lem is that bay mounted missiles vibrating
rapidly at relatively high stress lcvels, even
for the short time the bay doors are open, may
undergo a large number of oscillations and
thus may accumulate significant fatigue dam-
age. This fatigue environment, together with
the peak response loads, tends to be of such
significance as to ultirnately dictate the final
design.

The task of establishing des‘gn loads
criteria for the PHOENIX missile was made
difficult since there were not, either from anal-
yses or by past wind tunnel or flight measure-
ments, sufficient information to accurately
estimate either the rms values of the unsteady
pressure excitations at locations within the
F-111B bay or the power spectral densities and
spatial correlations of pressures. Further-
more, there existed so few unsteady pressure
data for three-dimensiczal cavities and bays
with missiles that confidence in simulation was
low, and this discouraged the initiation of wind
tunnel tests to cbtain the unsteady pressure
data on the PHOENIX/F-111B bay configura-
tion. It was reasoned that if data werg col-
lected using small scale models, the applica-
bility of the results to full scale missiles would
be quéstionable. Full-scale flight tests of the
missile in bays of other aircraft were con-
siderad, but found not feasible since the geom-
etry of the aircraft in the vicinity of the
missiles would need major and costly modifi-
cations to simulate the local geometry of the
F-111B aircraft.

As a result of these problems, it was de-
cided to develop bay dynamic loads criteria for
the PHOENIX missile utilizing the empirical-
analytical techniques of Ref. 3. It was assumed
that the principal source of vibratory loads in
the F-111B bay would be the unsteady pres-
sures in the bay, Consequently, design cri-
teria were derived based on analysis of flight
test response data for other captive bay mis-
siles, and the analytical establishment of a
pressure excitation acting over those missiles
which produced responses compatible with
their observed measurements.

As noted in Ref, 3, with one piece of re-
sponse data to match (for example, the rms
acceleration at the nose of a missile), one de-
gree of freedom can be allowed in the descrip-
tion of the total fluctuating pressure acting on
a missile. Thus, by selecting the spatial
correlation of pressures as a fixed shape and
by approximating the random pressures by
white noise with a high cutoff frequency, an
estimate of the fluctuating pressures acting on
a captive missile can be derived from 2 single
response measurement. The reference sug-
gested that mathematical models of missiles
be analyzed to find the level of the white-noise
spectrum.

To sstablish design loads criteria for the
PHOENIX missile in the F-111B bay, strain
gage and accelerometer data obtained during
captive flight tests of previous HAC bay in-
stalled missiles ‘GAR-11 missile/F-102 air-
craft, GAR-3/F-106A, HM-55/J35F and
GAR-1D/F-101B) were analyzed to estimate
the oscillatory bay pressures. Pressure
magnindes found in the above manner were
plotted against dynamic pressure, as shown in
Figure 18. Trends with g and bay configura-
tion were investigated before selecting a white-
noise pressure spectrum for PHOENIX design.




To this spectrum were then added narrow-band
levels at the estimated cavity resonant fre-
quencies. The magnitudes of the narrow-band
levels were estimated from the test data in
Ref. 4.

Figure 19 shows the oscillatory pressure
environment predicted for the PHOENIX in the
F-111B bay. For dynamic pressures meas-
ured in psf, the level portion of the spectrum
had a value in psi2/Hz equal to 3.78 {10)-10 q2,
Superimposed on this spectrum are shown esti-
mates of the narrow-band spectral levels cor-
responding to the calculated bay resonant fre-
quencies. The rms oscillatory pressures were
predicted to vary linearly with dynamic pres-
sure (q).

The pressure estimates were subsequently
used to predict missile and launcher structural
loads. The results are documented in Ref, 5.
It was of interest, as the flight test program
progressed, to compare the structural load and
unsteady pressure predictions of the reference
with those measurements by T-20.

UNSTEADY PRESSURE DATA REDUCTION

All unsteady PHOENIX T-20 pressure data
reduction was performed using special purpose
analog instruments which operated directly on
the output voltage time history signals from the
data recorders. The data were reduced into
one or more of three different forms, as
follows:

a) RMS values
b) Power spectral density functions
c) Cross correlation functions.

RMS values were used as a rudimentary
measure of dynamic severity for general data
studies. Power spectra were employed to ob-
tain a spectral decomposition of the data.
Cross correlations were computed to provide
information needed to check certain critical
assumptions in the original dynamic load pre-
dictions for the PHOENIX misasile,

RMS Vilue Measurements

Th: rms pressure values were continuously
recorded in real time during the interval when
the bay doors were fully open and the data were
stationary. This time interval was about 5
seconds long, which was ample for the volt-
metar averaging circuit used for data reduction
to fully respond to the data signals and produce
unbiased rms estimates for the open bay en-
vironment. The lower frequency range of the
instrumentation cut off at 2 He. Tkis means
that static levels (represented by a dc signal
level) were not included in the measured rms
values.

The purpose of measuring rms values for
selected data channels was to obtain a rudi-
mentary measure of severity (dispersion) for
open bay dynamic data of interest. This meas-
ure of severity was needed to study relation-
ships between selected open bay dynami~ data
(acceleration, pressure, and s*=1in) and perti-
nent flight parameters (dynan ‘essure and
Mach number).

Power Spectra-measursments

The power spectra was measured from
sample records which were formed into loops
and recirculated to provide a continuous input
to the analyzer., The sample records were
selected during the time interval when the bay
doors were fully open and the data were sta-
tionary. In most cases, nonstationary effects
diminished immediately after the bay doors
were fully open, permitting a four second long
sample to be used. In a few cases, however,
data were recorded during maneuvers which
introduced additional nonstationary effects. For
these data, sample record lengths were re-
stricted to as short as 2 seconds.

Cross-Correlation Measurements

The purpose of the cross-correlation
measurements was to establish the degree of
similarity or statirtical dependence between
the measured unsteady pressures at different
stations along the miesile, and around the mis-
sile at the same station. Comparisons are
made at various missile stations separated
longitudinally and radially. The correlation
coefficient was computed every one thousandth
(.001) of a second.

UNSTEADY BAY PRESSURE MEASUREMENTS

The validity of the assumption that the
principle cause of vibration during open bay
captive flight would be the aerodynamically in-
duced fluctuating pressure field in the bay was
readily substauntiated by inspection of the data
time histories before and after the bay doors
were opened. It remained, however, to es-
tablish the relationship between the aerodynam-
ically induced pressure field in the open bay
and the aircraft flight conditions.

Tor 'clean'" or smooth structures moving
through ambient air a turbulent aerodynamic
beundary layer is produced whose magnitude
and spectral characteristice have been fairly
well defined by past theoretical and experi-
mental studies. Specifically, the power spec-
trum for the pressure field, when suitably
normalized, can be represented by a simple
curve, as iliustrated in Figure 20, For the
problem at hand, the configuration was that of
a missile in an open bay, which is quite dif-
ferent from the idealized case discussed above.
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In particular, the open cavity introduced
acoustic resonances.

Inspection of the pressure transducer data
revealed the presence of peaks in the pressure
power spectra undoubtedly due to cavity reso-
nances. However, the peaks were generally
less than three to one. Even allowing for the
suppression of the indicated peaks by the bias
errors inherent in the data reduction, it was
clear that no unstable or strongly coupled
cavity resonance occurred.

The next step was to determine if the
power spectra for the preesure measurements
would collapse to a curve similar to Figure 20
when normalized in a similar way. (In Figure
20. P(f) is pressure spectral density, f is fre-
quency, U is free-stream velocity. qis dy-
namic pressure, and * is boundary layer
thickness.) If so, there would be strong evi-
dence that the measured pressures were due to
boundary layer turbulence, or something
directly proportional to it,

The difficulty was to choose normalizing
factors to apply to the bay data, It was de-
cided to replace the parameters U, q, §* by
V, q, D ({V is aircraft speed, q is dynamic
pressure, D is transducer diameter).

The pressure data for all pressure trans-
ducer and microphone measurements for
straight and level flight conditions were nor-
malized as shown in Figures 21 through 24, In
these figures, rmo pressure values are shown
plotted against dynamic pressure with a regres-
sion line fitted to the data. The normalized
pressure spectra are presented as a spread
where the gray area is the range of the maxi-
mum to minimum values observed at each fre-
quency, and the dark line is the approximate
mean of the values observed at each frequency
{note that the mean is not necesasarily the mid-
dle of the range). Keeping in mind the random
errors introduced during the data reduction, it
is seen that the pressure data do scale reason-
atly well using the variables of boundary layer
turbulence. Had the pressure data been due
principally to strong modal resonances of the
cavity, the spectra would not have collapsed as
well as they did.

The pressure data were also investigated
for a Mach number dependence. This was done
by dividing the rms pressure values by q and
plotting the resulting normalized rms values
versus Mach number. In som=: cases, slight
trends of rms/q app2ared to be present, but
the trends were not considered significant com-
pared to the data scatter. A aummary table of
rms pressure levels is presented in Table 1,

On the basis of the above studies, it is con-
cluded that the pressurs field in the bay is due
primarily to random boundary layer pressure
driving many acoustic modes of the cavity. The
amplitude of the measured rms pressure is
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approximately 10 to 15 db higher than that
predicted by Aat plate theory, but this can be
accounted for by the resonant amplification by
the cavity modes.

The pressure spectra for the microphones
were generally processed only to 2000 Hz. The
data were checked above 2000 Hz, and displayed
a characteristic rapid drop off to 10,000 Hz,

Data were also measured for closed air-
craft bay doors, but were not processed, how-
ever, due to their extremely low magnitudes.

An evaluation of the pressure data was per-
formed using cross-correlation analysis., For
the original missile load predictions, it was
assumed that the pressure field actirg on the
missile structure was perfectly correlated (a
correlation coefficient of unity at zero time
delay) from one point to another. It was of in-
terest to check the validity of this assumption
using the actual measured pressure data. Such
checks were muade by computing the cross-
correlation coefficient for the pressure meas-
urements between various selected points. The
results are presented in Figures 25 and 26.
Definite correlation was exhibited between the
pressures at stations 131.62 and 151 on the left
side of the missile (a separation of 19.38
inches). The correlation coefficient was 0.35
for one flight and 0.2 for another. In both
cases, the correlation peaks occurred at a
time delay of about +3 milliseconds. This
means that from 20% to 35% of the excitation
power at station 131.62 appeared some 3 milli-
seconds later at station 151, and vice versx.
The correlation peaks are approximately sym-
metric about zero time delay. The cross-
correlation function between the pressures at
two points in a turbulent boundary layer on a
smooth structure would generally be asym-
metric about zero time delay. This implies
that, although the boundary layer was the basic
source of excitation, the pressure fizld inside
the bay cavity was significantly modified by the
acoustic resonant modes of the cavity.

Referring again to Figures 25 and 26,
significant correlation was also exhibited be-
tween the pressures on the bottom and the right
side of the missile at station 35.7 (a geparation
of 11 inches). The coefficient was about 0.3
with a zero time delay. This indicates that the
pressure field was instantaneously correlated
at points around the circumference of the mis-
sile at any given station, as would be expected.

The other measured cross-correlations
were for points separated by 50 inches or more,
No significant correlation peaks are indicated.
In summary, it appears tha. the spatial cor-
relation char-cteristics of the pressure field
on the missile diminished with distance to a
correlation of about 0.3 at 20 inches separa-
tion, and to a negligible correlation coefficient
at more than 50 incheo separation.
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TABLE 2

Comparison of Predicted Bay Missile Oscillatory Fressure Design Levels

with Measurements on the Missile Fuselage
Random Pressure Levels, dB (Re 0, 0002 Microbars)
2 - 500 Hz
Missile Location
Predicted Level
(A1l Sections) Left Side Bottom Right Side
Forward Missile Section 165 162.7 166. 2 167. 2
Center Missile Section 165 165. 8 168.1 168, 2
Aft Missile Section 165 168. 1 166, 1 166. 9
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The pressure data in Table 1 showsa that
forwsrd of the wing, high rms pressures occur
on the side of the missiie near the bay walla.
whereas aft of the wing the high rms pressures
occur near the bay centerline. For straight
and level flight, the pressures on the missile
adjacent to the bay opening were usually
greatest near the forward wing attachment. In
all cases, pushover maneuvere caused these
pressure levels to increase. The microphone
data showed higher pressure resadings usually
occurring at the aft portion of the missile ra-
dome bulkhead near the bay opening. Photo-
graphs of the tufts within the bay indicated for
many flight conditions forward flow within the
bay near the bay floor.

COMPARISONS WITH PREDICTIONS

The measurements during these flight tests
provided data needed for the refinement of
initial unsteady pressure predictions and the
upgrading of missile and launcher structural
design criteria. The oscillatory pressure en-
vironment for design of the PHCENIX in the
F-111B bay is illustrated in Figure 27a, Fig-
ure 27b, c, and d show measured pressure
spectral density data, extrapolated to the same
design condition. The data tend to be much
higher than the predicted levels at the low fre-
quencies, and drop off to lower levels at the
higher frequencies. In the frequeacy band of
major fuselage regonances, the measured
oscillatory pressurs spectra are generally 1.5
to 2 times the predictions, Overall random
preasure levels are compared in Table 2 for a
selaected condition. The levels change with
location on the missile, but generally they are
quite close to the predicted overall level.

In general, there was basic agreement be-
tween dynamic loads measured and predicted.
Errors in predicting the magnitude and spec-
tral density of the pressures alung the missile
for loads studies were cornpensated by con-
servative estimates for the spatial coherence.
The bending and tcrsion loads on the control
surface near the bay floor and centerline were
10-15% higher than predicted while the meas-
ured values on the other three control surfaces
were generally less than predicted. The re-
sultant of the vertical and lateral fuselage
bending moments were close to predicted
moments. A direct comparison of predicted
and meagured wing bending moments could not
be made since the measurements were taken
on a wing whose fuselag=s attachment wus dif-
ferent from that analyzed. No structural
damage to the missile occurred during the
flight test program even though the tc 1l time
the bay doors were open was several times
that required for missile design.

CONCLUSIONS

The paper has described the captive flight
measurements program of a PHOENIX missile
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in the weapons bay of an F-111B aircraft, the
approacn used to make early estimates of the
fluctuating pressure field, and the recent meas-
urements, Themajor conclusions are as follows:

1. The design concept of the PHOENIY. mis-
sile measurement system being self-

contained and dependent on the mother air-
craft only for power and on/off control was

proven to be a good approach,

2. The PHCENIX T-20bay mesasurements pro-
gram was highly successful in both quantity

and quality of data acquired,

3. The criteria used to predict the unsteady
pressures in the F-111B bay and to estab-
lish PHOENIX design loads were adequate
for that design but may not apply for other
missiles or other bays,

‘4. A more refined analytical-experimental

approach needs to be developed to estimate

the dynamic loads and vibratory responses

for missiles housed in an open weapons bay.
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DISCUSSION

Mr. Mustain (McDonnell Douglas Corp.):
The question I have Is on correh&u?ﬁﬁ_you
make a check to see what happened to the vi-

bration responses in the missile along with the
correlation? For instance, if you had a cor-

related field, were the vibration levels greater
or could you make any distinction there at all?

Mr. Mandich: Are you talking about the
measurements or ‘he crigiral predictions?

Mr. Mustrin: The actual measurements -
not the predictions. Did you have a higher vi-
bration level on your accelerometers in a cor-
related field or an uncorrelated field ?

Mr. Mandich: We measured the correlation
that actually occurred in the bay. The corre-
lation was about 0.3 for close separations and
then it dropped off with distance. We were
using actual measurements so we did nat have
fully correlated or fully uncorrelated fields.

We did the original analysis from missile loads-
we maao those two limiting cases.

Mr. Mustain: You still did not answer my
question. In correlation studies it i3 quite often
said that in most cases the response is with a
correlated field. But this i8 not always the cuve
and here you have an example of actual mea-
surements. 7 is hard to find actual measure-
ments of cu2related fields and check against
the vibrazion. You have a vibration data, and
you have measurements for the acoustic cor-
relatim. You can look at the data to see if the
correlated field or the uncorrelated areas give
you a greater response.

Mr. Mandich: We have not gone back to
check.

Mr. Mustain: I would suggest you do it and
I would certainly like t» know how your answers
come out.
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LUNAR ORBITER FLIGHT VIBRATIONS WITH COMPARISONS TO
FLIGHT ACCEPTANCE REQUIREMENTS AND PREDICTIONS BASED ON
A NEW GENERALIZED REGRESSION ANALYSIS
By Sherman A. Clevenson

NASA Langley Research Center
Langley Station, Hampton, Va.

This paper - .resents detailed flight-measured vibratica data obtained
during the five successful flights of the Lunar Orbiter and compares
these data with vibration levels specified as flight acceptance reguire -
ments. These data are also compared with predictions based on results
of a recently developed regression analysis of vibration data compiled
for a number of major launch vehicles. It is shown that the flight accept-
ance requirementa were adequate but due to unexpectedly low random
vibration flight inputs, the random acceptance requirement is considered
severe. For establishing vibration requirements utilizing a proven
launch vehicle, the regression analysis does not provide as good as a
basis as does flight vibration measurements from prior flights of the
launch vehicle. However, the regression analysis may be useful in .
estimating vibration levels for new and untried launch vehicles.

INTRODUCTICN SYMBOLS
Five successful Lunar Orbiter spacecraft a indication of lqw signal amplitude or
were launched during the period of August 6, less than 2 cycles for frequency
1966, through August 1, 1967, whose mission wae analysis
to secure topographic data of nearly all of the
moon's surface. Prior to their flights, the b indication of no available data
spacecraft underwent qualification and flight
acceptance tests. During their flights, the c indication of a pulse peak amplitude
spacecraft were subjected to environmental
inputs from the launch vehicle, one of the most d indication of the changeover from
severe being vibration. During each flight, accelerometers to pnsition indicators i
vibration measurements were continuously s
obtained using accelerometers which aliow the C daniping !

determination of peak vibrations for critical
conditions of lift-off, transonic spceds, booster
engine cut-off, booster engine staging, sustainer
engine cut-off, vernier engine cut-off and hori- f frequency, Hz

zon sengsr fairing ejection, shroud jettison,

Atlas-Agena separation, Agena first and second FAT flight acceptance tests
ignition and burnout, and spacecraft separation.

O

er critical damping

g acceleration
The purpose of this paper is to present
results of the analyses of the flight vibration Boeak Peak acceleration
measurements and to compare these data to
flight acceptance test requirements. In addition, gp-p double amplitude acceleration
these data are compared with the results of a

recently developed regression analysis tech- gz/ Hz acceleration squared per Hz
nique for predicting random vibration levels for
any spacecraft. G(f) average power spectral density;
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N
Glf) =by(Dx1 + by(fixg+ . . . by(Dxy= ) by(D)x;
i=1

bj ith coefficient

f(x)4 ith variable parameter
Hz hertz, cycles per second
rms root mean square

sec seconds

t time, sec

Q amplification factor

logarithmic decrenient

PROJECT DESCRIPTION

The Lunar Orbiter spacecraft were
launched by Atlas-Agena-D launch vehicles
(supplied by General Dynamics Corporation
and Lockheed Misslle and Space Company,
respectively) under the overall project manage-
ment of the Boeing Company, which, in turn,
was under contract to NASA-Larngley Research
Center. Each spacecraft weighed a nominal
380 kilograms (853 pounds), and in its flight
configuration, with all elements fully deployed
(see fig. 1), spanned 5.21 meters (17.1 feet),
and was 2.08 meters (6.83 feet) high.

Figure 1.- Lunar Orbiter spacecraft.
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Flight Acceptance Test Requirements

The philosophy for the {light acceptance test
(FAT) requireinents for Lunar Orbiter was that
the input test levels to the spacecraft be as high
as any that would be experienced in flight. This
is in contrast to a sometimes used philosophy of
FAT requirements to test at very low levels to
assess workmanship in construction. If the
spacecraft to be flown can successfully with-
stand the expected flight environment before
flight, one can have considerable assurance that
it will withstand the actual flight environment.

It should be understood that a prototype space-
craft would have had prior qualification tests at
levels which were higher than FAT requirements
to show that the design was adequate.

Sinusoidal vibrations.- The sinusoidal test
levels pertaining to the Flight acceptance Test
(FAT) were basically derived from a detailed
review of about 25 previous Atlas and Thor-
Agena flights. (Since the time that the FAT
levels were established, considerably more
data have been compiled by the Lockheed
Missile and Space Company and are found in
ref. 1.) The flight data from only six flights
which had the greaiest vibration levels were
used as the bases for determining shock spectra
response levels for Q's of §,10, and 30. Q is
the amplification factor of the response of a
mass of a single-degree-of-freedom system
and is equal to Cy/2C, the ratio of the critical
damping to twice the damping of the system
(Cer/2C = 1/2)). To obtain the equivalent sinus-
oidal test levels for the system with these
assumed Q's, the response values from the
shock spectrum results were divided by the Q
used, namely 5, 10, and 30. The resulting
equivalent sinusoidal spectrum levels were
statistically evaluated to determine the 95 per-
cent levels, and since these values were deter-
mined from only six flights, they were
enveloped. In order that essentially all damped
systems be subjected to flight vibration levels,
the enveloped Q = 5 lines were used as the
basis of the Flight Acceptance Test (FAT)
levels. Because of the limited data and since
only a single-degree-of-freedom syst m was
considered, an uncertainty multiplying factor of

1.25 was applied to obtain the FAT requirements.

These resulting FAT levels for both the longitu-
dinal «nd transverse directions are compared
with flight results in a later section.

R~widom vibrations.- The flight acceptance
test requirement for random excitation was




determined from an eiveloping of the power
spectra! density plots derived from flight data
of previous Agena flights for both lift-of and
transonic speeds. Only one test for both lift-
off and transonic speeds was reguired ai these

test levels. It was expected that the overall rms
acceleration level would be very conservative.

It was also expected that the shape of the ran-
dom test spectrum would agree with subsequent
flight data. This conservatism is not too objec-
tiorable for test purposes in that the spacecraft
acts as its own filter and responds primarily zt
its own resonances.

Flight Vibration Measurements

All vibration data were tranamitted conti-
nucusly on channels uulizing the telemetry of
the Agena vehicle. A total of eight accelerom-
eters were used (see fig. 2): four were mounted
near the Agena forward ring (approximately

STATION 24
-y -
s ll

STATION 28

SPACECRAFT

Figure 2.- Accelerometer locations, Spacecraft
in undeployed condition.

TABLE 1.- Flight Instrumentation List

Telemetr Direction Accelerometer Accelerometer Channel
Ci ely of Measured Location Frequency Calibration Frequenc!
Number Acceleration Serpon e Rax'lge Response

(cps) (g's) (cps)
8 Transverse Agena 0-45 +5 45
Forward
Ring
9 Longitudinal Agena 0-60 -4 to +12 60
Forward
Ring
10 Tangential Agena 0-80 x5 80
Forward
Ring
11 Tangential Agena 0-110 5 110
Forward
Ring
12 Transverse Spacecraft 5-800 +10 160
13 Longitudinal Spacecraft 5-1100 10 220
17 Longitudinal Spacecraft 20-2000 +20 790
Adapter
18 Transverse Spacecraft 20-2000 +20 1050
Adapter
*With standard filters
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station 247) to measure the longitudinal, tan-
gentiai and transverse responses; two were
installed in the spacecraft adapter (approxi-
mately station 238) to measure longitudinal and
transverse excitation, and two were installed
within the spacecraft, cne to measure longituc-
inal acceleration at the foot of the photo-
subsystem (approximately station 235) and one
to measure transverse accelerations at the base
of the oxidizer tank (approximately station 205).
The same two accelerometers in the spacecraft
were used both during FAT and during flight.
The flight instrumontation list is given in

table 1in which the acceleration telemeter
channel, direction of response, location, accel-
erometer frequency response and calibration
range and telemeter frequency response using
standard filters are given. For the analyses of
Lunar Orbiter vibration data, the standard
filters were replaced with filters that had twice
the frequency band width characteristics of the
standard filters.

Data Analyses

The method of data analysis utilized
depended on the desired form of the results.
The real time analog data of instantaneous vibra-
tion level as a function of time were obtained by
recording the instantaneous levels on oscillo-
graph records. Amplitudes were determined
from the calibrations, and frequencies could be
determined to over 1000 Hz. To obtain power
spectral density values and shock spectra, the
data were digitized at the rate of 8,000 and
7,000 samples per second, respectively, and
stored on magnetic tape. The tapes were used
as inputs to a digital computer program to
obtain auto-~orrelation, probability density,
and power spectra functions and to a separate
program to obtain shock spectra.

REGRESSION ANALYSIS-TECHNIQUE FOR
PREDICTING VIBRATION LEVELS

The Measurement Analysis Corporation,
unaer contract to Langley Research Center,
recently developed a new procedure for pre-
dicting the random vibration environment for
generalized spacecraft. The method utilizes
a regression analysis of flight vibration data
previously compiled by Langley for all major
launch vehicles. Previous studies of this type
have been made for aircraft and captive air-
borne missiles. Mahaffey and Smith (ref. 2)
presented one of the earliest documented
procedures followed by Brust and Himmelblear
(ref. 3) and Curtis. Piersol and Van Der Laan
developed a general prediction rule for all
classes of military aircraft. The current study

included data from the following vehicles: Agena
(excluding Lunar Orbiter); Atlas (E and F
series); Minuteman; Saturn I; Thor; Thor/
Asset; Thor/Delta; Titan I, II, IIA, and IIIC.
The data are generally in the form of power
spectra for lift-off, Mach 1, and maximum
dynamic pressure. The basic approach used
assumed that the power spectrum for the vibra-
tion environment in a spacecraft can be
described by a linear equation of the form

N
G(f)=by(Dxy+b (Dxg+. . . bylfixg=) byl
i=i

where G(f) is the average power spectral
density, b; is the coefficient of the ith
parameter, and (f)x; is the i parameter being
used to describe the vibration. Studies have
been made for both the thrust and transverse
axes. The primary parameters which the
analysis determined as significant are air
density, nozzle exit area, exhause gas velocity,
ambient and local speeds of sound, surface
weight density, and dynamic pressure. Predic-
tion curves with a 97.5 percent upper prediction
limit for space vehicle vibration on basic struc-
ture have been established for lift-off, transonic
flight, and maximum dynamic pressure condi-
tions. The actual power spectrum may have
peaks which exceed the octave ''and averages by
a wide margin. However, past studies of aver-
age power spectra in octave bands versus
narrow band power spectra indicate that most
spectral peaks will be no more than 7 db higher
than the octave band average. Details of this
analysis are given in reference 4.

RESULTS AND DISCUSSION OF FLIGHT
MEASUREMENTS

The results and discussion wiil be presented
in two sections. The first section will concern
real time measurements of acceleration levels
and frequencies at various times during the
launch phase. Random vibrations will also be
discussed. The second section will contain
comparisons of flight measurements with flight
acceptance test levels and with the results of
predictions based on the regression analysis.

Real Time Measurements

Flight time history.- Nominal flight time
histories for the eight accelerometers are given
in figure 3 for the first 400 seconds of flight
(through Agena first ignition).
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Figure 3.- Nominal flight time history.

The time scale is too compressed for accurate
analyses of the data. However, the responses
are as expected with bursts of acceleration
occurring on the record. Scme of the signifi-
cant flight events are indicated. The traces
are identified by telemeter channels which are
listed in table 1, Channels 17 and 18, the longi-
tudinal and transverse accelerometers in the
adapter, were responsive to the higher frequen-
cies and indicated the largest vibrations.
Acceleration magnitudes and frequencies
obtained from high-speed oscillograph record-
ings will be discussed in the next section.

Peak vibration levels at significant events.-
During the lauach phase of the Lunar Orbiter
flights, vibration levels and predominant fre-
quencies were determined for the following
events:

Lift Off

Transonic Speed

Booster Engine Cut Off (BECO)

Booster Engine Staging (BES)

Sustainer Engine Cut Off (SECO)

Vernier Engine Cut Off (VECO) and Sensor

Fairing Jettison

Shroud Jettison

Atlas-Agena Separatiorn

Agena First Ignition

Agena First Burn-Out

Agena Second Ignition

Agena Second Burn-Out

Agena Lunar Orbiter Spacecraft Separation

From table 2, it may be noted that peak vibra-
tion levels and response frequencies are rea-
sonably similar for these events from flight to
flight for the five flights of Lunar Orbtter.
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Figure 4.- Response at Atlas-Agena separa-
tion. Lunar Orbiter V,

Figure 4 shows the representative responses
of the accelerometers on Lunar Orbiter V at
Atlas-Agena separation. It should be noted that
1000 cps oscillations and below may be easily
determined. The peak-to-peak and pulse accel-
eration levels are determined from the calibra-
tions. It is apparent from this representative
example that only a few cycles of oscillation are
available for determining response frequencies.
The top four traces on figure 4 are good exam-
ples of pulses. In some instances, flight data
were not available due to lack of appropriate
flight magnetic tapes or due to electronic diffi-
culties either in the original tapes or in the
recovery of the data. For example, on the flight
tapes of Lunar Orbiter I from all receiving
stations there were no data on channel 12 until
the channel was switched to another transducer.
Prior to Agena-Lunar Orbiter spacecraft separ-
ation, telemeter channels 9, 12, and 13 were
switched to dash-pot type position indicators to
record the spacecraft separation. Thus, no
vibration data were recorded {or this event on
these three channels. In addition, since the
telemeter was in the Agena, no further vibration
information was available from the spacecrait.

Random vibrations.- From figure 3, it was
noted that high vibration levels for more than a
few seconds occurred at lift-off and then again
at times 55 to 65 seconds of flight. These levels
are attributed to random excitation: at lift-off
the vibration is attributed to acoustic coupling
and at 55-65 seconds (transonic speeds) the
vibration is attributed to aerodynamic buffeting.

Power spectral density analyses were made
for telemeter channels 12 and 13 in the
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TABLE 2

Amplitudes and Approximate Frequencies of Flight Transients

Lunar Orbiter
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TABLE 2.- Continued.
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TABLE 2.- Continued.
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TABLE 2.- Concluded

Lunar Orbiter 1 1 1 m v v
Item g f f l f g f f
CQ_ p-p 8p-p €p-p | p-p €p-p
N
LUNAR ORBITER SEPARATION
8 2.5 25 2.3 c 3 57 2.1 c 3.5 c
4.0 0.78
9 d d d d d d d d d d
10 1.0 104 2.2 c 1.6 44 1.8 c 0.6 c
11 0.8 82 2.1 c 1.7 178 1.8 c 1.3 c
12 d d d d d d d d d d
13 d d d d d d d d d d
17 20.0 1000 | 36.3 960 40 850 46 800 20 800
18 20.0 1000 | 42.5 960 40 850 b b b b

a. Frequency in cps approximated from 2 or more cycles. a - indicates either a very low

signal or less than 2 cycies.

b. No data available, either from lack of appropriate flight tape or from electronic

difficulties.

c. Pulse peak amplitude.

d. Prior to separation, these channels were switched to position indicators to show separation.

spacecraft and 17 and 18 in the spacecraft
adapter for both lift-off and transonic speeds.
In addition, probability density coefficients

and auto-correlation functions were determined.

Random vibration data were not always
available for all channels for the same reasons
the same transient data are not included. How-
ever, from tke five flights, excellent repetition
occurs both as to frequency content, trends,
and magnitudes. In general, all spectral den-
sity levels were considerably lower in ampli-
tude than expected. The responses within the
spacecraft (channels 12 and 13) were much less
than the measurements at the base of the space-
craft (channels 17 and 18), with the possible
<=ception of the response in the longitudinzl
direc ~ (channels 13 and 17) at a frequency of
about 400 cps at lift-off.

To further study the nature of the random
vibrations, probability density analyses
(histograms) were made for each channel for
both lift-off and transonic speeds (see exam-
ple, fig. 5). After digitizing the data, the num-
ber of times an amplitude occurred in a narrow
band width were determined. These data were
standardized to an ares of one and compared to
the normal (gaussian) probability density

127

051

PROBABILITY
FUNCTION

43 2 10 1
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Figure 5.- Example of probability analysis in
the transverce direction at lft off on
Lunar Orbiter V.

functon (cef. 5) (fig. 5). It may be seen that the
general trend of the Gaussian curve closely
follows the flight data indicating that although
the probability distribution of the data is non-
gaussian, the deviation is small.
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An example of additional examination of the
random characteristics of the random vibrations
is given in figure 6 where the autocorrelation
funcdon is shown. The figure represents a
narrow-band random vibration whose center
frequency is 94U cps (see ref. 5). The auto-
correlation functions for channels 17and 18
were 2ll of this nature, although though the
center frequency was not always as clearly
indicated. Channel 13 had the same type of
auto-correlation function with a center fre-
quency of approximately 4U0 cps. Channel 12,
in general, had very little response; thus, the
plots of probability density and auto-correlation
functions indicated no particular random
characteristics.

e

S0r

Ammm";:. “MMMMI\MAAAA‘IA‘IA‘IA‘IAVA
I

e i L L
0 005 .010 015 20 ®5
TIME, sec

Figure 6.- Example of autocorrelation function
in the transverse direction at lift off on
Lwunar Orbiter V.

Comparison of Results

Two comparisons of the flight data are
made: (1) with the flight acceptance test (FAT)
levels and (2) with the results of a regression
analysis that predicts the flight vibration levels.

Sinusoidal vibrations.- To compare the
flight measured levels with FAT levels,
selected shock spectrum outputs from accel-
erometers on channels 17 (longitudinal) and
18 (transverse) for Q = 5 were divided by 5,
the same Q used in determining FAT levels,
to obtain an equivalent sinusoidal level, These
values are shown on figure 7. It may be noted
that at frequencies above 80 cps in the longitu-
dinal direction and above 50 cps in the trans-
verse direction that equivalent sinusoidal
flight levels have exceeded the FAT require-
ments. These data would indicate that the
FAT levels for sinusoidal vibration are
certainly not overly conservative. A look at
the response data within the spacecraft as
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discussed in the following paragraph leads to
a similar conclusion,

Figures 8 and 9 show the measured
responses during flight and during FAT at two
positions within the spacecraft (Lunar Orbiter
V). Superimposed around the FAT measure-
ments are peak responses from the various
flight transients as determined by narrow band
analyses conducted by The Boeing Company.
The narrow band analyses consisted of passing
the transient signal through band pass filters;
2 to 15 cps, 12 to 3V cps, 2V to 50, and 4V to 8V
cps. By measuring the amplitude for the
resulting sinusoids, acceleration levels were
determined and shown in the figures.
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Figure 7.- Comparison of sinusoidal FAT re-
quirements with equivalent sine levels of
shock spectra from flight data (Q = 5).
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Figure 8.- Comparison of spacecraft transverse
resrvnse due to sinusoidal FAT and flight
ir~urs.
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Figure %.- Comparison of spacecraft longitudi-
nal response due to sinusoidal FAT and
flight inputs.

From figure 8, it appears that the required
sinusoidal FAT levels were adequate and defin-
itely not overly severe for tests in the trans-
verse direction. For tests in the longitudinal
direction, figure 9, it appears that the sinusoidal
FA7T levels may not have been sufficiently high.
However, when it is remembered that only the
sinusoidal component of the peak response is
shown and that the actual FAT consisted of slow
sweep sinusoidal tests were many hundreds of
cycles occur near the peak amplitude, the tests
are considered to »e adequate.

Randon vibrations.- The random fiight
measure vibrations can also be compared to
FAT levels for the conditions both of inputs to
the spacecraft, and to the results of a new pre-
diction technique based on a regression type
analysis (figs. 10 - 14). Measurements obtained
only at lift-off and during transonic speeds are
considered to be of sufficient time duration to
analyze as random vibration. Since the speci-
fied FAT levels were determined from an
enveloping of the flight data of previous Agena
flights for both lift-off and transonic speeds, it
was expected that the overall test levels would
be conservative.

During the flights oi Lunar Orbiter, the ran-
dom inputs as measuizd in thg longitudinal and
transverse directions flgs. 10-13) were more
than an order of magnitude lower than the pre-
dicted values throughout the vibration spectrum.
Although it was expected that the rms accelera-
tions would be lower in flight, the maximum

levels of the power spectral denslty were expected

to be at the FAT levels. However, the spectral
density levels from flight measurements were
considerably lower.
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Figure 10.- Comparison of FAT, regression
analysis, and flight data in the longitadinal
direction at 1ift off.
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Figure 11.- Comparison of FAT, rogression
analysis, and flight data in the longitudinal
direction at transonic speeds.

These low levels may have been due te the oglve
metallic nose fairing (same fairing as used on
Mariner 4 which also had low random excita-
tion) or could have been the result of the inter-
action betweer the Lunar Orbiter spacecraft
and the Atlas-Agena D launch vehicle. Since

the flight input vibration levels to the space-
craft were much lower than expected, the
responses within the spacecraft would be
expected to be proportionally less.

For purposet of comparison, the random
vibration flight data (generally interpreted as
inputs to the spacecraft) measured on the five
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Figure 12.- Comparison of FAT, regression
analysis, and flight data in the transverse
direction at lift-off.
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Figure 13.- Comparison of FAT, regression
analysis, and flight data in the transverse
direction at transonic speeds.

Lunar Orbiter flig.. 3 have been enveloped in the
same mamner as the previous flight data that
were used in estimating FAT requirements.
Figures 10 and 11 show the enveloped random
vibration levels in the longitudinal direction at
lift off and transonic speeds, respectively, and
figures 12 and 13 show the envelcped random
vibration levels in the transverse direction at
1ift off and transonic speeds, respectively.
Figure 14 shows a composite of the maximum
values from figures 10 - %3. All five plots show
power spectral density (g¢/Hz) versus frequency
for FAT requirements, results of average
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Figure 14.- Composite comparison of FAT,
regression analysis, and flight data.

regression analyses, and flight data. In all
instances, FAT requirements and results of the
regression analysis indicate higher levels by an
order of magnitude than those measured in flight
(note above section pertaining to low flight
inputs). The spectrum shape of the regression
analyses indicates maximum energy levels in
the 300 to 600 cps octave band whereas the flight
data peaks at higher frequencies (see composite,
fig. 14). In addition, octave band vaiues of the
regression analysis are compared to 20 cps band
width values of flight data. Thus, this new
method has predicted the measured environment
of the Lunar Orbiter spacecraft no better than
the method used to extablish FAT requirements,
However, since it has considered many more
pertinent variables than other prediction
methods, it appears that the method could be
used effectively as a first step for any new or
untried launch vehicle. As evidenced by the
comparison of the shape of the spectrum (see
fig. 14) between FAT requirements and flight
data, the use of previous flight data from the
s?me launch vehicle still appears to be the
better way of estimating FAT requirements.
Enveloping of the data results in a certain
amount of conservatism which is considered
necessary in iew of the many unknown
responses in flight 2nd becausr of the difference
in responses from spacecraft to spacecraft,

Comparisons of the response within the
spacecraft due to the application of the FAT
random requirements with the measurements
obtained during the flight of Lunar Orbiter V
are shown in figures 15 and 16 for the trans-
verse and longitudinal directions, respectively.
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Figure 15.- Comparison of spacecraft trans-
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Figure 16.- Comparison of spacecraft longitu-
dinal response due to random FAT and flight
inputs.

These data were reduced by Boeing Company.
The top curves of these figures show the res-
ponses (power spectral density, PSD) due to the
application of the maximum FAT random inputs
and the lower curves are the results of PSD
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analyses of the flight data. These data indicate
that the t.ends of the responses within the
spacecra:t in flight are the same as those that
occur during FAT. Since the flight inputs were
more than an order of magnitude less than FAT
levels, the responses within the spacecraft were
accordingly less by an order of magnitude.

CONCLUDING REMARKS

This paper has presented detailed vibration
measurements from five successful Lunar
Orbiter flights including peak acceleration values
and predominant frequencies that occurred during
the various transients, and results of power
spectral density analyses during lift-off and
transonic speed conditions. It has discussed the
origin of the flight acceptance test requirements
and shown then to be adequate. Since the flight
inputs were lower than expected, the FAT ran-
dom vibration levels are considered severe.

The flight data were also compared to the results
of a new prediction method based on a regres-
sion analysis. For establishing vibration
requirements utilizing a proven launch vehicle,
the regression analysis does not provide as good
a basis as does flight vibration measurements
from prior flights of the launch vehicle. How-
ever, the analysis may be useful in estimating
vibration levels for new and untried launch
vehicles.

REFERENCES

1. Houston, Allan B.: Study to Define Agena
Vibration and Acoustic Environment. NASA
CR-66196.

2. Mahaffey, P. R,; and Smith, K. W.: Method
for Predicting Environmental Vibration Levels
in Jet Powered Vehicles. Noise Control, Vol. 6,
No. 4, 1960.

3. Brust, J. M.; and Himelblau, H.: Comparison
of Predicted and Measured Vibration Environ-
ments for Skybolt Guidance Equipment. Shock

and Vibration Bulletin No. 33, Part 3, p. 231, 1964.

4, Piersol, A. G.; and Van Der Laan, W, F.: A
Method for Predicting Launch Vehicle Vibration
Levels in the Region of the Spacecraft Adapter.
NASA CR 1227, 1968,

5. Bendat, Julius A.; and Piersol, Allan G.:
Measurement and Analysis of Random Data.
Published by John Wiley and Sons, Inc., New
York, 1966, pp. 16 -21 and 160 - 161,




DISCUSSION

Mr. Bendat (Measurement Analysis Corp.):
1 think that was a very fine paper and It I8 very
apropos to some of the r~marks of the Chair-
men earlier on the need .ur analysis and engi-
neering rrquirements to be considered together
as a pair. Because there were certain ana-
lytical results available which did not quite
agree with the experimental resuits and you
had an opportur. ty to consider the reasc. s for
the differences. The mathematical model
which someone might use requires a great
deal of care and interpretaticr. There iz
really no suca thing as a sine wave in nature -
nothing can persist ‘~ .efinitely like a sine
wave. There is no such thing as a Gaussian
process in mature - 1 would say that any ampli-
tude could be exceeded no matter how large it
might be, 80 you have compromises righi at
the very start. If there are significant results
that might be predicted you should use all the
tools that are available. In socme of the plots
that were made in this paper, as well as the
preceding paper, I did not notice complete
mention of bandwidths, record lengths and
other such parameters that would help one in
putting some standard error on the measure-
ments. These are the kinds of considerations
that are brought to bear, together with all the
engineering understanding of the problem be-
fore you get the final answers.

Mr. Delchamps (Bell Telephone Labora-
tories): Have you done any distribution anal-
ysis on the peaks of the transient? You were
picking 2 maximum and I just wondered where
this was in the distribution of the peaks which
you found when you did your spectrum analysis.

Mr. Clevenson: We found primarily that
the distribution of peaks occurred at the nat-
ural frequencies that were shown up during
the sinusoidal tests. During the flight accep-
tance test, various resonances occurred and
the same pezks occurred during the analysis
of the random tests. So we can pretty much

expect that whatever resonances are there, these
frequencies are going to show up as maximum
response.

Mr. Delchamps: All right for the frequen-
cies, ] was thinking about the distribution of
levels. In other words, you took a level that
was one of the high levels, and it was there 60
or 70 or 80 percent of the time, or maybe only
30 percent. Or maybe just a peak.

Mr. Clevenson: I very carefully specified
that the table of values in the report gives the
peak values of the transients as obtained from
high speed oscillograms.

Mr. Delchamps: O.K. I think it would be
interesting to see the distribution of peak levels
in that transient to find out whether this was an
event, or two events, or a number of events in
a few more events - in the same manner that
you would lock at the distribution of amplitudes
in a random sample to find out if you have a
Gaussian density function.

Mr. Clevenson: We did not do what you are
asking. However, | think we could to that. We
have all the various transients and we could
combine them and determine an amplitude
spectrum from them. I assume you mean from
all of the amplitudes - all of the transients -
not the amplitudes witkin one transient.

Mr. Delchamps: Both. When you pick the
maximum, the natural question is: what else
was there? That is what I was trying to ask.
Maximums, as Dr. Bendat pointed out, are at
infinity, really, except that we do not measure
them when they are there, unfortunately, since
we are non-linear we do not see them either
in the real world.

Mr. Clevenson: Maxi: ™8 is what we have
measured and they are reai., .ere.

Mr. Delchamps: I give up - you are right.
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VIBRATION AND ACOUSTIC ENVIRONMENT CHARAC TERISTICS OF THE
SATURN V LAUNCH VEHICLE

Clark J. Beck, Jr. and Donald W, Cabe
The Boelng Company

This paper presents representative examples of vibration and I
acoustic data from flights of the Saturn V launch vekicle and static
firings of Saturn V launch vehicle stages. The purpoee of the peper
ia to provide vibration and acoustic environment characteristics
which are pertinent to the design of launch vehicles.

Comparisons of vibration apectra are presented which fllus-
trate differences between flight and static firing environments, effects
of mass loading on the vibration eavironment, vibration transmission
through structure, and the effects of fluid flow rate on vibration level.

Comparisons of acoustic data are presented which indicate
. differences between static firing and flight acoustic environments,
differences in the acoustic environment internal and external to the
vehicle, and variations in sound preasure level due to engine exhaust
direction.

Flight vibration and acoustic time histories are presented.

The time histories are compared with time histories of dynamic
preesure and Mach number to {llustrate the correlation batween these
parameters and the vibration and acoustic environment,
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INTRODUCTION

The Saturn V lannch vehicle consists of three
stages, the S-IC, S-II, and S-IVB (Figure 1), To
date there have been approximately 30 static firings
of the flight stages. Over 3.00 vibration measure-
ments have been made during these static firings,

In addition about 400 vibration measurements were
taken during the first two flights of the Saturn V ve-
hicle. This paper presents representative examples
of vibration and acoustic data from flights of the
Saturn V launch vehicle and static firings of Saturn V
launch vehicle stuges. The purpose of the paper is

to provide vibration and acoustic environment charac-
teristics which are pertinent to the design of launch
vehicles,
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STATIC FIRING AND FLIGHT VIBRATION
ENVIRONMENTS

The vibration environment of a stage during
static firing and flight can differ radicelly es {llus-
trated in Figure 2. This figure shows the gpectrum
of a typical measurement taksn during 8-IVB static
firing as compared with a spoctrum of the same
measurement during the liftoff period of the Saturm V.
Note the large level difference between 10 and 500
hertz. This difference is attributed to the structure
response to dissimilar scoustic noise fields produced
by the engines of the stage and the iaunch vehicle,
The 8-IVB has one engine producing over 200, 000
pounds thrust while the §-IC has five engines pro-
ducing over 7.5 million pounds of thrust.
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Figure 1: SATURN V SPACE VEHICLE
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Figwe 2: COMPAR!SON OF S—IVB VIBRATION
ENVIRONMENT DURING S-IVB STATIC
FIRING AND SATURN V LIFTOFF
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Figure 3 illustrates the comparison of spectra
from the same measurement for S-1VB static tirines,
Saturn V launch, and flight at Max q (Maximum
Dynamic Pressure). This figure shows that the
vibration environment during Max q flight differs
from both the static firing and liftoff environments.

ACCELERATION POWER SPECTRAL DENS ITY (GR/HZ)

" \ 4 . S-Iv8
\ /
Lo smen

S-IVB STATIC FIRING
5 LOGRMS
» 1
") P w0’
FREQUENCY (HZ)

Figure 3: COMPARISON OF S-I1VB VIBRATION
ENVIRONMENT DURING S-1VB STATIC
FIRING, SATURN V LIFTOFF AND
SATURN V WAX Q

MASS LOADING EFFECTS

Mass loading has a significant effect on the
vibration environment as {llustrated in Figure 4.
The figure shows the difference between two meas-
urements located on the §-IC LOX bulkhead. The
dotted spectrum is & measurement located on a por-
tion of the bulkhead which iz one-fourth inch thick
and of uniform mass distribition. The solid spec-
trum is from a measurement located next to a
massive fitting (approximately 54 pounds) on the
bulkhead. The overall vibration level for the mass
loaded bulkhead is approximately one-third of that
for the unloaded bulkhsad,

Figure 5 also illustrates mass loading effects
resulting from liquid level variations in a tank,
When considering vibration levels on a tank, it is
very lmportant that the vibration levels be con-
sidered as a function of liguid level. The solid line
on Figure 5 shows the spectrum level when liquid is
above the measurement while the dotted spectrum is
the vibration level with liquid below the meamure-
ment. The liquid mass atteruzies the overall vibra-
tion level by a factor of approximately four.
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Figure 5: EFFECTS OF LIQUID LEVEL IN A TANK ON
THE VIBRATION ENVIRONMENT DURING
STATIC FIRING

VIBRATION TRANSMISSICN THROUGH THE

STRUCTURE

Vibration tranemission through a structure
1s {llustrated in Figure 6. The figure shows the
vibration spectrum for various locations, along the
8-1I thrust cone. A measurement (A) located about
28 inches up the thrust cone from where the engines
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are mounted indicates a level of 5.5 Grms. An-
other measurement (C) about 60 inches further uwp
the thrust cone 3hows a level of 1.6 Grms. A third
measurement ;B) located between measurements A
and C shows a level of 2.4 Grms. The B spectrium
is not plotted, but it falls between the two. The
vibration source for this example is considered to
be the J-2 engines since the measurements were
taken during S8-II powered flight. During 8-1I
powered flight, acoustic noise levels are low and
hence vibration due to acoustic noise 1s insignificant,
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Figure 6: VIBRATION TRANSMISSION THROUGH
STRUCTURE

FLUID FLOW EFFECTS

Figure 7 shows the effect of fluid flow rates
on the vibration environment. The data shown in this
figure were obtained by recording the vibration level
resulting from LOX fiowing through a 6-inch diam-
eter line. Note that the vibration level increases
exponentially with an increase in flow rate. A me-
talic bellows in this line failed while LOX was being
pumped through the line. The failure was close to
the vibration measurement point shown in Figure 7.

STATIC FIRING AND FLIGHT ACOUSTIC
ENVIRONMENTS

The characteristics of the acoustic environ-
ment associated with a large launch vehicle can vary
widely. The acoustic environment differences be-
tween a stage static firing and lsunch vehicle liftoff
are shown in Figure 8. The environment differences,
as discussed previcusly, are the resuit of dissimi-
larities in the size and number of engines on the
8-IVB rtage and the Saturn V launch vehicle. The
difference in the overall sound pressure level is




approximately 6 db with the significant level differ-

ences occurring below 500 hertz.
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Other intsresting characteristics of the
acoustic environment are shown in Figures 9 and 10.
Pigure 9 shows the typical variation in the acoustic
sound pressure level due to the shadowing effect of
the stags. The overall sound pressure level drop
due to the shadowing effect of the stage is generally
8 to 10 db, Two acoustic msasurements takan
duzing a static firing of the 8-IC stage are shown in
Figure §. The messurements were iocated ex-
ternally, one on the same side to which the engine
exhaust was deflected and the other 180 degrees
away. The solid spectrum is the one of the exhaust
side and the dotted spectrum is the one taken on the
opposite side.
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Figure 10 shows the variation in the acoustic
spectrum from mesasurements internal and external
to the launch vehicle. A typical variation in overall
sound pressure level is 8 to 10 db.
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Figure 10: COMPARISON OF INTERNAL AND
EXTERNAL ACOUSTIC ENVIRONMENTS

FLIGHT VIBRATION AND ACOUSTIC
TIME HISTORIES

The acoustic environment of a launch vehicie
is time variant as illustrated in Figure 11. The data
shown in this figure came from a microphone moun-
ted externally near the top of the 8- stage. The
sound pressure level time history for this particular
location has three distinctive features. First, the
sound pressure level near time zero increases
rapidly and then decreases as the vehicle gpeed in-
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creases. This is characteristic of the liftoff en-
vironment. Second, the sound pressure level
increases and decreases at a rate coincident with
the variation in dynamic pressure. Third, the
sound pressure level incresases rather abruptly at the
critical Mach Number (Mcp = 0.8). This increase
is attributed to the presence of a normal shock wave
near the microphone location. Figure 12 shows data
from a vibration transducer at a location similar to
the microphone location. The vibration environment
has the same distinctive features as the acoustic
environment with one exception. The structure re-
sponds more readily to the Liftoff acoustic environ-~
ment than to the flight acoustic environment.
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Figure 11: CORRELATION BETWEEN ACOUSTIC
ENVIRONMENT AND AERCDYNAMIC
PARAMETERS
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Figure 12. CORRELATION BETWEEN VIBRATION
ENVIRONMENT AND AERODYNAMIC
CHARACTERISTICS

CONCLUSIONS

The vibration and acoustic data in this psper
are presented to provide an idea of the environ=
mental levels assoclated with a large launch vehicle.
The data are also selected to provide an insight
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into how the ecvironmental characteristics are in-
fluenced by operating conditions. The reader should
realize that the data presented represents a small
sample of the available data. However, the examples
discussed are characteristic of the larger body of
data, These characteristics should be considered in
the design of launch vehicles and equipment. An
extensive bibliography has been included with this
paper to provide a list of documents which contain

a majority of the Satwrn V data,
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DISC USSION

Mr. Bendat (Measurer.ieat Analysis Corp.):
1 hope you will accept my couiments objectively,
but there are many many quesiions that your
paper raises which are typical of other ques-
tions I have heard. There are so many open
ended areas which would lead one to feel that
these results are only a start and in many cases
misleading. You show that the data is non-
stationary in some of the later slides, and yet
in the earlier slides you were doing spectral
analysis as if the data had been entirely sta-
ticnary. There is just no way to reconcile those
two matters. I the data is non-stationary, all
your spectra. results are wrong. There i8 no
way to interpret the results properly. You are
interested in variations which are dependent on
time and you have removed time from consid-
eration by the ordinary spectral analysis. Fur-
thermore, as the chairman has mentioned a
couple times earlier, there is nothing noted
here about any amplitude properties, and fre-
quently amplitude properties will reveal com-
pletely separate and distinct information. You
have amplitude fluctuations which are also a
function of time and cannot be handled in the
usuzl way. But even when the data is station-
ary, which you may be able to justify in certain
gpecialized cases, even there, if the data is not
Gaussian the amplitude information reveals
further properties that are not revealed in this
spectral density information. Here you have a2
case of lift-off and dynamic pressures and
rapidly changing dynamic environments whica
are not stationary, and you cainot use sta-
tionary methods to describe the environment.
The fact that you compare something that was
done in the past incorrectly with something
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that is being done incorrectly today still does
not make a good comparison.

Mr. Caba: The measurements which you
spoke of as being done in the past incorrectly
were made on a static firing, and were quite
stationary, and those that were compared to
flight data were chosen during the lift-off period
at & portion on the oscillograms that appeared
to be stationary in the data reduction which
showed data distribution which appeared to
have a Gaussian distribution.

Mr. Woolam (Southwest Research Insti-
tute): One problem which you touched on and
passed over rather rapidly is the failure of the
metal bellows used in piping. This seems to
me to be a very serious problem. We have
done some work at Southwest Research Insti-
tute on vibration frequencies of bellows, which
i3 exactly the same problem - they are pre-
dictable. The problem is the cryogenic tem-
peratures. Failures are quite rapid and there
is a good case for a good application of some
sort of damper or damping material. Cryogenic
temperatures are not favorable for most typical
damping materials. ‘i* is ruite a serious prob-
lem and, 1 think, one which should be considered
at this time. You might make some comments
further on the work on the failures of flexible
baffles.

Mr. Caba: The baffles themselves caused
the turbuience, and we applied the telescoping
sleeve to cut down the turbulence and this seemed
to sclve our problem. N
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THE BLAST FIELD ABOUT THE MUZZLE OF GUNS

Peter 5. Westine
Southwest Research Institute
San Antonio, Texas

The blast wave propagated from the muzzle of a gun imparts a severe trans-
ient load to any structure or perscnnel in the vicinity, This paper outlines a
procedure for estimating the maximum pressure field, impulse field, and
entire transient pressure history emit’ed from the muzzle of a gun. Experi-
mental test data from test firings from pistols, rifles, grenade launchers,
howitzers, and naval guns establish the validity of this procedure for develop-
ing the blast field at any arbitrary location around the muzzle of a gun.

INTRODUCTION

As a result of detonating an explosive or of
firing a projectile from a gun barrel by igniting
a propellant, a pressure wave of finite ampli-
tude is propagated into the surrounding atmo-
sphere. Such a pressure wave causes a trans-
ient load to be imparted to any structure or
person in the vicinity. In this paper, we
restrict ourselves to predicting the entire
muzzle blast history at any location around a
gun. The procedure which is developed takes
full advantage of the similiiude laws for scaling
blast to predict the blast field about most wea-
pons from a small number of experimental
observations. The similitude law which this
study uses is closely related to the scaling law
of Hopkinson (1] becaure the same assumptions
are required concerning the propagation of a
blast under sealevel atmospheric conditions.

Hopkinsoa's law of 1915 was developed for
scaling the blast field about conventional explo-
sive charges under sealevel conditions.
Hopkinson scaling assumes that heat conduction
and viscosity may be neglected. In addition,
gravitational effects are assumed to be mini-
mal. This law for the propagation of a blast
with only one spatial coordinate (propagation
from a spherical charge) states that peak over-
pressure will scale as Eq. (1) and scaled
impulse as Eq. (2)

P=f(;§{/—3) )
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1 R
—_— = [ —— 2
w1/3 <w1/3) (2
where

P = peak overpressure

R = s:andoff distance

W = charge weight

I = total positive impulse

Because the density of most charges varies
little, W! /3 is directly proportional to the
diameter cof the charge, d. Therefore, another
method of stating Hopkinson's law is to substi-
tute the charge diameter for wl/3 into Egs. (1)
and (2) and note that P and I/d are unique func-
tions of standoff distance in charge diameters.

s f(dﬁ) (3)
%: f( d&) (4)

During World War 1I, a considerable
research effort was directed towards selecting
the most powerful explosive for shells and
bombs. This effoit required the development
of recording instrumentation capable of mea-
suring free-air blast. The reduced data from
these studies substantiatedthat Hopkinson scal-
ing was the proper similitude law for scaling




the blast fields under ambient sealevel condi-
tionz. Actually, Hopkinson's law is a special
case of a more general law proposed by

Sachs {2] to account for the cffect of changes
in ambient air pressure and temperature on
overpressure and impulse. A review of Sachs'
scaling would show that the left-hand term.s in
Eqgs. (3) and (4) are nondimensional if atmo-
spheric conditions are added to the pi terms;
however, this review will not discuss Sachs'
contribution as altitude conditions are not
included in this study.

Apparently Reynolds at Princeton and the
Navy at David Taylor Model Basin were the
first to apply Hopkinson scaling to determine
the blast field about gun- {3,4]. Princeton
applied Hopkinson scaling to obtain the peak
pressure monitored by gages in a panel under
a gun, while the Navy considered free-field
overpressures and impulses about naval guns.
Both groups noted that if geometric similarity
existed to the extent that
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c¢ = caliber of weapon

length of bore
V = velocity of the projectile

and the subscripts denote specific weapons,
then the distribution curves for maximum pres-
sure should be identical, provided the distances
are measured in calibers. The Navy drew the
additional conclusion that the distribation
curves for impuise should be identical, if the
impulse divided by the caliber of the gun were
plotted azgainst distance in calibers. Plots of
isobars of constant pressure and isoclines of
1/c were constructed from the Navy data with an
L” L
abscissa of - and an ordinate of - for a

30" /50 caliber naval gun, Figs. 1 and 2. These
results correlated well with a 16" /45 caliber
naval gun, since the deviation from true replica
scaling, Egs. (5) and (6), in the interior ballis-
tics of the two weapons averages only 15%. In
the past, the Navy felt that the length of the
barrel could be disregarded in the scaling, but
this observation, based on insufficient data, is
incorrect as will be demonstrated later in this
paper. These scaling observations made in the
mid- 40's on the blast field aLout guns are
correct, provided the interior ballistic restric-
tions expressed by f£4gs. (5) and (6) are main-
tained. The piots shown in Figs. 1 and 2 are
Hopkinson's law, Egs. (3) and (4) for spherical
charges, extended to the blast field about
weapons by requiring dynamic and geometric
similarity to be maintained, Eqgs. (5) and (6).
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Unfortunately, this scaling by calibers is
satisfied in only a few cases and then acciden-
tally. In order for the Navy's simulation to
include all weapons, a large number of plots
would be required with a systematic variation
in propelling charge, projectile mass, barrel
length, and muzzle velocity. Fortunately,
some procedures are available for eliminating
sevrral variables.

Armour Research Institute attempted to
represent the blast field about a weapon by
assuming that some equivalznt weight of spher-
ical explosive charge could be located on the
bore axis at a distance, ry, from the muzzle [5].
The distance ro evidently corresponded to the
location of the stationary shock associated with
the so-called "bottle' at the muzzle of a gun.

To create an approximation to the peak pres-
sures, ..rmour created a "reduced energy", W,

W = n(E - 1/2MV?) n

where n is a correlation or fudge factor for a
gun that is multiplied by the energy in the pro-
pellant minus the kinetic energy in the precjec-
tile to obtain an energy going into the biast.
This reduced energy is an approximation of the
available energy in the blast. It ignores the
important temperature losses and a few other
trivial energy losses. Actually, this "pseudo
energy' is a fairly accurate representation of
the energy going into the blast because a first-
approximation would be to assume that the
significant energy losses are nearly a constant
percentage of available energy. Armour applied
Hopkinson's law as expressed in Eq. (1) to
determine the pressure distribution over a
plate, except that they rewrote this equation as

p:r( h_ o L ") (8)
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Fig. 3 - Armour peak blast pressures on flat
panels directly under line of fire
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Because of the extra spatial coordinates,
Armour presented their results as shown in
Fig. 3, and tested the technique with data from
caliber .50, 20-mm, 37-mm, and 3.00-in. gun
with —=— = 0. Their results were excellent
wl/3
ior predicting pressures, within 20%, but only
because all guns tested possessed virtually the

same barrel length in calibers=. Had Armour

tested a grenade launcher, a caliber .45 pistol,
or other stubby gun, their predictions would
have been pcor. At that time, data were not

available to show that -z- should b considered.

In addi:ion, Armour did not consider the
impulse field about the muzzle of a gun.

In retrospect, observe that all of these
early techniques used Hopkinson's law to sin.u-
late the blast field about weapons. The use of
this law has been cerract except that restric-
tions do arise. The Navy could use Figs. 1
and 2 because many of their guns were replica
models of themselves and possessed similarity.
The weakness in the Navy's technique is that

for Figs. 1 and 2, &, l. V, and ‘—all remain-
¢y 3 <
ed invariant., The Armour approach eliminated

the need to maintain &. !V_. and V as constants,
c c

but assumed L was insignificant. The newtech-
c

nigque which is about to be demonstrated does
not make the unjustified acsumption that barrel
length is insignificant, and incorporates the
effects of both pressure and impulse in the
analysis.

NEW SCALING FOR BLAST ABOUT WEAPONS

Another method for rendering data nondi-
mensional and including the length of the gun
barrel involves writing the Hopkinson scaling
law as

ped _ Ly Ly R
(e =) 9
and
2 L L
lc_:((_JL . —h . '.) {(10)
w [ c [

These scaling equations {ollow readily from a
similitude analysis that includes such param-
eters as standoff distance perpendicular to line
of fire, L] ; standoff distance parallel to line of
fire, Lj| ; length of gun barrel; caliber of wea-
pon; side-on overpressure; side-on impulse;




and energy in the “last. Eq. (9) states that a
nondimensionalized pre¢ssure is a function of
geometric similarity Eq. (iV) states that a
nondimensionalized impulse is a function of

geometric similarity, [Actually, Eq. (i0) is

Ic”

not nondimensional becausethe pi term W

should be written as Ic_a_. where a is the

w
velocity of sound. Eq. (10) has been written as
z scaling parameter with dimensions because
the velocity of sound remains essentially in-
variant, and no need exists to include a dimen-
sional constant, sound velocity, inthe solution. )

If the pl term i—were assumed to be insig-

nificant, Egs. (9) and (10) would represent an
alternate method of presenting the Armour
approach. Actually, the Armour assumption

that i—is insignificant was poor and based on

too few experimental observations, as will soon
be apparent. The term W in Eqs. (9) and (10)
is the energy in the blast. For our purposes,

we will approximate this equation much as
Armour approxiinated it, but no fudge factor,
n, will be needed. Let Eq. (11) define the
energy in the blast:

W =E -1/2MV? (n

All that is required to evaluate Eqgs. (9) and(10)
and develop the functional relationship is free-
field blast data from weapon firings. Although
numerous weapon firings have been conducted,
the great majority of these experiments had
instrumentation located behind blast shields,

in the hatches of tanks, in pillboxes, or with
other cbstacles interfering with the measure-
ments of blast in a true ‘ree-field. Fortunately,
some testing has beer conducted without intro-
ducing diffraction, refraction, and reflections.
These limited data have been used to create

the following observations concerning the free-
field blast about guns.

FREE-FIELD BLAST PRESSURE

In Fig. 4, one observes isobars of constant
nondimensional pressure on a plot with a
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Fig. 4 - Isoclines of side-on pressure, Pcwl
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nondimensional distance from the line of fire
as an ordinate and a nondimensional distance
from the muzzle along the line of iire as an
abscissa. This presentation for free-field
blast was created after experimentally observ-
ing that the precise equation for free -field
blast pressure, Eq (9), could be approximated

3 .
by multiplying l:’%by %to form Eq. (12):

' L
pCTZ'.=f(_.L_ , HL) (12

C C

Fig. 4 is a plot of Eq. (12), using the experi-
mental data generated by Shapiro and Rich for
a 20-mm aircraft gun [9]. Note that Fig. 4
employs Hopkinson scaling and incorporates the
effects of barrel length in the solution with an
empirical observation. Virtually all experi-
mental observations before 1960 were on guns

with large barrel lengths, l— Armour and
c

others concluded that the length of the barrel
mattered little because these early observations
were made with long-barreled weapons. Very
recent test firings on a high-velocity, 40-mm
grenade launcher [8], onalow -velocity grenade
launcher (6], and on caliber . 45 pistol {6], do

3
Ec as a function of

not correlate on a plot of

ﬂ'— and L , as suggested by Armour scaling.
c c

Only after the length of barrel has been included

in an analysis by multiplying %—by l:can the

free-field blast pressures around all weapons
be reduced to a common factor, Eq. (12).

pc?i Ly
versus - for

L
fourteen different weapons with % = 0. Notice

Fig. 5is a plot of

that excellent correlation exists and £ /c varies
from 8.8 up to 92.0 for the weapons plotted in
Fig. 5. The grenade launchers and pistol would

3 L
versus d(!'—for

not correlate had we lotted L

L
| = 0. The variation in weapon characteris-
c

tics is much greater in Fig. 5 than the varia-
tion in weapon characteristics for earlier scal-
ing efforts. This evaluation of the scaling for
iast pressures about weapons uses data from
guns firing both supersonic and subsonic pro-
jectiles; the largest caliber divided by the
smaliest caliber is a factor of 18.5; the greatest
energy divided by the least energy is a factor
of 41" the stanoff distance covers two orders
of magnitud., and barrel lengths vary by more
than an order ot magnitude. The correlation is
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excellent especially when one considers that
the data come from various sources [4, 6-9]
whose authors had no thought of testing the
scaling law of Eq. (12). Had muzzle velocity
been measured, the rounds been kand loaded,
bomb calorimeter tests been conducted on all
powders, etc., a greater degree of correlation
could perhaps have been obtained.

These observations on the scaling of peak
pressure have required some assumptions. All
the assumptions inherent in Hopkiuson scaling
for peak pressures are present in this analysis.
In addition to assuming a weapon under sealevel
ambient conditions with heat conduction, vis-
cosity, and gravitational effects minimal, we
assume that the shock is sufficiently weak so that
the ratio of specific heats in air may be con-
sidered a constant. This assumption requires
overpressures of 1 nder approximately 300 psi
for the scaling to e rigorously correct. Inas-
much as a 300-psi overpressure is extremely
high, and the other assumptions associated with
Hopkinson scaling are relevant, this scaling
for peak overpressures seems very appropriate.

Because of a lack of information concern-
ing the specificimpetus of various propellants,
a constant value was assumed for all powders,
350, 000 “l-% Of even greater consequence
was the assumption that the ratio of specific
heat equaled 1.25 for all ignited propellants.
The ratio of specific heat plays a prominent
role because the specific energy in the propel-
lant is calculated by dividing the specific
impetus by the ratio of specific heat minus one.
Undoubtedly, the lack of precise information
for calculating the energy in the blast created
the greatest scatter in the experimental scaling
results seen in Fig. 5. In addition, different
values for available energy in the same pro-
pellant depend upon the measurement technique
used to determine the energy. Virtually no
reports presenting experimental blast data indi-
cate the quantity or type of propellant. For
these reasons, the propelling energy could only
be estimated in developing the blast observations
presented in Fig. 5.

Personal discussions with naval personaetl
have indicated that a gun can emit a significant
muzzle flash, especially if flash suppressors
are not present in the powder. A second shock
wave will be propagated if a weapon flashes.
The peak overpressures associated with the
second front ofter exceed the overpressures in
the initial shock waves. Our application of
Hopkinson scaling does not model these secon-
dary explosions caused by unexpended oxygen-
starved propellant igniting outside the barrel.
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Fortunately, the secondary flashing ppbenomena
are most pronounced in large caliber weapons
such as naval guns; however, some small
caliber weapons will flash; Lat, usually in the
smaller caliber weapons, the second shock
front is notaspronounced. Flashing is a
phenomenon that can modify these experimental
results.

In Fig. 6, one observes scaled free-field

L L
biast pressures as a function of +with _LI-=0
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for eight different naval guns reported in
Refs. (4, 10-12]. As was the case with the
fourteen different Army weapons, these naval
weapons appear to form a unique function. An
oddity arises in that the naval guns all appear
to give a lower scaled pressure than the Army
weapons for a given < The discrepancy is

not enromous considering the art of blast mea-
surements; nevertheleas, the discrepancy is

L
apparent. At —(!L = C, Army pressures range
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L
from 1.5 times Navy pressure at e 70, to

L
2.5 times Navy pressures at =8 15. This

phenomenon is not easily explained but may be
the results of: (1) muzzle flashing whichseems
more prevalent in r.aval guns, (2) much of the
naval data being old, relative to the more
recent army data with newer instrumentation
giving more accurate (and higher) pressure
peaks, (3) an average specific impetus for
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naval powders which are usually single base
propellants and lower than the average specific
impetus used in calculating data points for the
double base propellants used in Army weapons,
or (4) combinaticns of these possible explana-
tions. Little detailed background information
is presented or each experiment, so no more
adequate explanation can be offered for lower-
scaled pressures in naval guns thanArmy guns.
This oddity could probably be explained had
experiments been more completely reported;




nevertheless, with eight naval guns scaling
pressures excellently as a group, and fourteen
Army weapons scaling pressures excellently as
another data sample, one should not discredit
these experimental observations made on scal-
ing free-field blast pressures about weapons.

FREE-FIELD SIDE-ON IMPULSE

In Fig. 7, one observes isoclines of con-
stant scaled impulse on a plot with a nondimen-
sionalized distance from the line of fire as an
ordinate and a nondimensionalized distance from
the muzzle along the line of fire as an abscissa.
This presentation for scaled free-field impulse
was created after experimentally observing
that the precise equation for free-field impulse,
Eq. (10), could be approximated by multiplying
3/4

2
%by (%) to form Eq. (13):

(13)

’
< [

Ic5/::3/4=f(l"_l 1.._"-)

Fig. 7 is a plot of Eq. (13) using the experi-
mental data generated by Shapiro and Rich for
a 20-mm aircraft gun {9]. Actually, Eq. {13)
Ic5/4¢3/4
W
should have the velocity of sound to the first
power in the expression. Eq. (13) has beenwritten
as a scaling parameter with dimensions because
the velocity of sound remains invariant with no
need to include a dimensional constant in the
expression. Caution should be used in applying

is not r 1dimensional as the pi term

the appropriate dimensions to all impulse data.
Note that Fig. 7 employs Hopkinson scaling
and incorporates the effects of barrel length

in the solution through an empirical obser-
vation similar to the observation used to

develop the pressure scaling.
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Fig. 8 is a plot of versus Tfor

L
sixteen different weapons with —%I- = 0. Notice

that excellent correlation exists for both Army
and naval weapons and for short-barrelled as
well as long-barrelled weapons. These experi-
mental data come from Refs. (4,6, and10] as
virtually no one else reports experimentally
observed impulses in the free-field along a line
through the muzzle ard 90 deg to the line of fire.
A slight tendency exists for the naval weapons
to scale lower than the Army weapons. As was
the case in discussing the scaling of free-field
pressures inArmy and naval weapons, this
phenomenon can not be explained, but may be the
results of: (1) muzzle flashing which seems
more prevalent in naval guns, (2) the naval data
being old relative to the Army data, (3) an
average specific impetus which is lower in
naval powder, or (4) combinations of these

pheromena. Under the worst conditions, the
scaledArmy impulses are only 1.33 times the
Navyimpulses. The discrepancy in scaling
impulse for naval guns and Army weapons is
much less pronounced than the discrepancy with
respect to scaling their respective peak
preasures.

TRANSIENT PRESSURE HISTORY

The engineer or designer who must analyze
the structural response of a panel or other
structural component is interested in knowing
the shape of the transient load applied to the
structural element for all instants in time.
Fortunately, a curve-fitting procedure exists
that approximates the shape of the transient
lcad from a knowledge of impulse and peak
pressure. The Friedlander equation with
specific values assigned to the constants fits
experimental data very well in predicting the
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shape of the blast wave emitted from a H. E.
charge [13]. This equation has the form:

plt) = F( 1 - %)e-t/T for 0 <t <T (l4a)

pit)y= 0 fort>T {14b)
Such an equation describes our experimental
observations extremely well. The integrated
form of Eq. (14) gives a maximum positive

impulse of

Imax = %l'_ (15)

Because I, P, and e are all known, the duration
of loading T is found upon substituting in

Eq. (15). The shape of the applied transient
load then follows from Eq. (14). Fig. 9 com-
pares the curve fit expressed by Eq. (14) to
experimentally observed loads measured about

—— Experimonislly shserved ioading history
—= Curve ftusing pit1+ #11- 10" Tana -0
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Fig. 9 - Comparison of curve-fit to
observed loading history

a caliber .45 pistol. Any error which exists
in applying Eq. (14) does not exceed the error
in the isoclines of maximum impulse or isobars
of peak pressure which determine the duration
of loading or time constant, T. Other curve-
fitting equations have been evaluated [14] about
H. E. charges, but none appear to improve on
matching experimental observations without
compounding analytical efforts. In addition to
being easily applied, this procedure estimates
the duration of loading with greater accuracy
than is available in the experimental observa-
tions cn pressure and impulse. Tk technique
slightly overestimates the duration of the posi-
tive loading phase, but usually by less than 8%.

CONCLUDING COMMENTS

Although this paper has dealt exclusively
with eide-on or free-field blast about guns, the
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report [15]) which this paper abstracts consid-
ers the actual load imparted to a panel or other
structural component in the blast field. In
addition, the report discusses the blast field
about guns with muzzle brakes, flash suppres-
sors, and similar devices which direct the flow
of gases emitted from the barrel. Other dis-
cussion in the report centers on the blast field
about recoilless weapons and rockets. This
information has been deleted from this paper

in the interest of brevity, but may be found in
Ref. [15].

A procedure has been described for esti-
mating the blast field about weapons. For the
more conventional closed-breech weapons, this
procedure is well developed and only requires
a knowledge of the amount and type of propellant,
the weight of the projectile, the velocity of the
projectile, the length of the gun barrel, the
caliber of the weapon, and the position in space
or on a panel for determining the blast field.
Graphs are presented which permit estimates
of peak pressure and impulse. The report
shows that the transient pressure history may
be approximated by the Friedlander equation
with specific values which are functions of peak
pressur: and impulse assigned to the time con-
stants. Experimental data or. weapons ranging
from pistols to naval guns substantiate these
observations. This information constitutes the
first necessary step in a transient analysis of
a panel or other structural element being loaied
by the blast wave emitted from the muzzle of a
gun.
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SPECIFICATIONS:

A VIEW FROM THE MIDDLE

T. B. Delchamps
Bell Telephone Laboratories, Incorporated

Whippany, New Jersey

compromise.

Specifications were the subject of extended panel discusaions
during the 31st and 34th Symposia,
traditional elements of conflict within and between the
various government and industrial agencles of supply, pro-
curement, and use are represented in the transcripts. An
effort wlll be made to organize this collection of view-
points as a basis for further discussion., Since consensus
in these matters is not a reasonable expectation, the
common goal of providing reliable working hardware deperds
upon a thorough understanding of diverse views, Jjustified
in their own context, and upon our collective ability and
willingness to apply a substantial measure of skill and
Judgment in resolving differences or achleving suiltable

Virtually all of the

INTRODUCTION

In lieu of moderating a panel
session on shock-and-vibration speci-
ficaticns at this symposium, the writer
agreed to undertake a critical review
of panel sessions on the same subject-
which were held during the 3lst and
34th Symposia. For added interest, the
session entitled "Optimum Bzlance
Between Component and Systems Testing"
from the 3lst Symposium, has been in-
cluded. Representitive comments
appearing on 39 pages of text have
been literally torn from context, and
arrayed, with commentary, in a manner
that will hopefully display them 1n a
new and useful perspective., In
general, quotation marks are reviewer's
license since it 1s understood that
most of the material was edited for
clarity prior to publication in the
proceedings, Some freedom has been
exercised in evaluating the
panelists' intent, but names have
been withheld to protect the gullty,

WHAT IS A SPECIFICATION?

First, because the panellsts
didn't, let's attempt to distinguish
between specifications ar? standards,
anc¢ then dispense with further discus-
slon of the latter., Standards are
usually brecad<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>