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WELCOMING SPEECH

Dr. D. Zonars

Chief Scientist
Air Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio

The Air rorce Flight Dynamics Laboratory
has for a very long ime, given support to shock
and vibration technology as well as to the Shock
and Vibration Info-mation Center. If my mem-
ory scrves me cori«ctiy, the Flight Dynamics
Lab people were the hosts of your {irst sympo-
sium that was given outside of the Washingten
Arca. Ibelieve it was the 13t} symposium,

We have ajl seen great changes in the acro-
nautical technology since that time. Perhaps
the advances in aviation and acrospace have been
more dramatic than in any other area of our
National Technology. The snock and vibration
prople have always been an essential part of
these advances and believe me, these advances
in arrospace vehicle configuration, size¢, per-
formanc+, and combat effectiveness have taxed
everyone's ingenuity,

The Flight Dynamics Laboratory's activity
in shock and vibration invoives two Divisions of
the laboratory: The Vehicle Dynamics Div. -
sion, of which your Chairman is the Division
Chief, and the Vehicle Equipment Division
under Dutch llildebrandt.

The Vehicle Dynamics Division assails such
problems as flutter, vibration, dynamic loads -
which 1s the airframe enginver's name for shock
-~ the problems of noise and its effects on the
crew and on structures, which as we all know,
have become guile an important part of the dy-
namics technology. An important function of
the Dynamics Division is the practice as well

as the developmert of dynamic measurements
technology. Much of the data om viuration ia

airplanes comes from this Division of the Air
Force Flight Dynamics Laboratory.

The Vehicle Equipmernt Division has ad-
vanced technology in the arex of the reliability of
equipments -- consideriig no only shock and
vibration, but alsc the combined »ffects of tem-
perature, humidity and other associated aspects
of the envaironment in which we find our military
airplanes operating. Vehicle Equipment Division
also develops compnnents of the landing gear,
taking into account the shock and vibration stand-
point: wheels, tires, brakes, struts, side
braces -- and new concepts in flotation and land-
ing systems such as the ACLS, the air cushion
landing sytem.

We look forward to continuing our support
of the shock and vibration technology as a con-
stituent part of the «fforts of the Laboratory,
We sense the challenging problem of keeping
down the cost of ownership of military airplane-
as pointed out by Mr, Peterson. 1 can think of
no other technology that has so much promise
for doing just that, With the skills and the tech-
noiogy that you have devi-loped, with the far
rcaching implication of the reliability problem,
you are uniquely qualified to play a major role
1n this endeavor,

The Flight Dynamics Laboratory sincercely
welcomes vou to Dayton and wishes you well in
this 45th Shock and Vibration Symposium.

Preceding page blank
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ADDRESS OF WELCOME

George Peterson
Director
Air Force Materials Laboratory
Wright-Patterson Air Force Base, Ohio

1 would like, on behalf of the Materials
Laboratory, to welcome you to Dayton. | noted
that this 1s the 45th Shock and Vibration Sympo-
sium. This is an indication that the shock and
vibration problem is truly one that is significant,
and ] know in looking at the program, at the
scope of it, the diversity of it, that there is no
doubt that it takes an interdisciplinary team
such as 18 represented by the Military Services,
NASA and Industry to attack the problems in-
volved, Certainly today, in the environment
we're 1n, it's not only the technical problems
but the resource aspects that are driving us
closer and closer together, not only within the
Air Force, but also among inter-government
agencies -- the Army, the Navy and NASA, |
think you will see in the future more interde-
pendency in program activities and certainly it
is the resources picture that is driving us in
this direction, more and more every day.

1 would say that the Materials Laboratory
is emphasizing research and development that
will prolong the life of existing materials. Thise
emphasis is to make them withastand the kind of
environments that our 'veapons systems are
faced with, make them last longer and cost less,

both in the cost of acquisition and the cost of
ownership., | think that's the name of the game
also in shock and vibration, and ] certainly would
like to indicate to you the continuing, strong
interest and activity the Materials Laboratory
has in working with you, whether you are in
government, industry or in the academic com-
munity, to help solve these problems. We are
dedicated to them, and I think that we've got to
solve them both from a defense standpoint and
from the standpoint of the National interest,

With that, | hope you have a successful
meeting. 1 think that the papers, at least those
1 looked at, are extremely interesting. | think
that besides measuring the progress you have
made over the past year since your last meeting,
you might also look at this meeting as one of
not just measuring progress, but of trying to
identify the technical gaps that remain and pri-
oritizing them from the standpoint of making
sure we arc putting our energies in the truly
important and significant directions,

Thank you very much and | hope you have a
good meeting.

Preceding page blank
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KEYNOTE ADDRESS

Lt General James T. Stewart
Commander, Aeronautical Systems Division
Wright-Patterson Air Force Base, Ohio 45433

Good Morning, lLadies and Gentlemen:

On behalf of the Aeronauical Systeins Divi-
sion, let me add my personal velcome to those

already expressed by Mr, Peterson and Dr,
Zonars.

I really mean it when [ say that tne Aero-
nautical Systems Division is privileged to co-
host the 45th Shock and Vibration Syniposium
with the Air Force Materials and Flight Dynan:.
ics Laboratories, Cf course, 1 would be less
than candid if | didn't admit there is a certain
amount of selfishness in that expression of plea-
sure ., . . We always need help, . . . and it's
not too often that we can muster locally this
much national expertise in any one area at a
given time,

In collecting miy thoughts for this morning,
1 first went to my handy reference textbook --
the Keynote Speakers Guide to Instant Success --
and it advised opening one's remarks with a
lighthcarted story about the subject at hand ., . .
Well, unfortunately the Stories Appendix con-
tained nothing about Vibration or Shock, but it
did have several under the category of Shocking
+« ++» Let's try one,

Picture, if you will, a dove, a lark, and a
duck on a split rail fence, Overhead, there
circled a great American eagle,

Suddenly, the eagle swooped down, grabbed
up the dove and disappeared over the hnrizon.
He returned in about ten minutes, deposited the
dove gently on the fence, and resumed his majes-
jestic circling in the sky . . . The little dove
shook herself, preencd, and proclaimed for all
the world to hear, "'I'm a dove, and 1'm in love!"

Suddenly, the eagle swooped dowr. again,

grabbed up the lark and disappeared over the
horizon. MHe returned in about ten minutes, de-

Preceding page blank ..

posited the lark gently on the fence, and resumed
his circling in the sky . . . Th+ little lark shook
hereelf, preenc !, and proclaimec fer all the
world to hear, "I'm a lark, and I've been
sparked!"

And then, the eagle swooped down a third
time, grabbed up the duck and disappeared over
the horizon. He returned in about ten minutes,
deposited the duck on the fence, and resumed
his circling in the sky. The duck shook vigor-
ously and proclaimed for all the world to hear,
“1'm a drake, and there's been a terrible
mistake!"’

Well now, some of you may think your Key-
note Speaker Selection Sub-Committee made a
terrible mistake in selecting me for that task,
But, 1 must say . . . in all modesty, I think
they did quite well, After all, there only are
two criteria for a Keynote Speaker:

First, that he know very little about
the subject; and
Second, that he be from out of town,

Now, there's little doubt about my com-
pletely meeting the first criteria. And by
selecting a local Keynote Speaker, your Com-
mittee has saved the cost of travel and keep of
an out-of -towner,

Not only your Symposium Committee, but
almost everyone else is concerned about money
thes days. 1t's a subject of importance to each
of us, personally as well as professionally,
Around home, it's the cost of bread ., . . and
meat . . . and milk,

Here, this morning, it's the cost of attend-
ing technical symposia. Rooms, meals, air-
plane tickets . ., . all are going out of sight.

And, you well know, the same economic
pressures are squeezing defense projects, In
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some instances, even more severely than our
personal ones.

Skyrocketing costs, coupled with the knowl-
edge that the threat to our freedom and existence
continues unabated, is putting DOD and defense
industry managers and engineers in an awkward
posture -- not unlike the football player being
tackled high and low from opposite directions.

It is eminently clear that we're going to
have to improve our groducts by getting equal
or better performance with fewer dollars,

So, 1 hope today to examine that with you --
and identify some of the steps that we can take
together -- in the shock and vibration arena --
to contribute to the over-all engineering accom-
plishments we must make.

It is a particular pleasure for me to address
this group of experts, people who, for a long
time, have been uniquely dedicated to the com-
mon goal of developing and improving shock and
vibration technology -- a technology that has
application to all kinds of systems -- airplanes,
spacecraft, submarines, tanks -- you name it,

No doubt about it -- you have continued to
provide the Armed Services with increasingly
numerous and complex components, having
longet, better failure-free service lives in our
defense systems. In a sense, you have managed

z* to build a dam which has held back a flood of

: problems which would have otherwise drowned
4 us, . . . As it is, we have almost choked on
some of the leaks.

‘E An example was quite evident in a 1971 Air

Force study of the number, causes, and costs
of failures occurring in a defense system over
a fairly long period of time -- something like
24 months, One-third of the failures that oc-
curred due to all environmental factors were
caused by shock and vibration. Costs for shock
and vibration related maintenance was

$7, 000, 000 per year for 200 aircraft or
$35,000 per aircraft. That's a lot of money,

The lesson was inescapable -- we have to
have more timely -- by which [ mean early --
planning, analysis, and tests to get the problems
out of our equipments before they are in pro-
duction. It is no longer enough that we do a
great job and preclude the major problems --
the economics of today and of the future are
such that even sizable leaks through the dam
are unacceptable,

We are making substantial efforts in the
Air Force to develop approaches to reduce the

costs of fixing failures of equipment in the field,
Major efforts of this kind, such as the Air
Force's Rivet Gyro Program, of which you will
hear more shortly, have shown that major
logistic cost savings can be obtained with pro-
duct improvements -- often at modest cost, and
often even when the improvements are relatively
expensive. Unfortunately, these projects are in
a sense, locking the barn door after the horse

is gone.

The key to real improvement lies in pre-
venting the problem at the beginning. Since the
costs of system acquisition and particularly of
system ownership are increasing at a much
faster pace than our budgets, it is clear that we
must improve our effectiveness -- or lose out
to the threats which endanger our freedom and
existence. This indicates changes in the way
we do our business,

Let me make a few observations, applicable
to your endeavors in the shock and vibration
area, as to where we might begin on this task
of improving our effectiveners while achieving
lower life cycle system costs.

I we stand back and take a look, it is read-
ily apparent that everyone has become very good
at developing technologies to meet operational
requirements and attendant problems -- in fact,
quite elaborate and sophisticated solutions have
been developed in your area and in the reliability
area, for example., But along with sophistication
of these technology areas -- we sometimes dem-
onstrate those familiar human maladies like
tunnel vision and isolation, and conduct elab-
orate programs, which are often isolated from
each other . ., . and not compatible, thus induc-
ing more costs, These maladies fortunately are
not terminal, [ firmly believe they can be
"treated!" -- and, [ have some ideas on that!

In fact, the technologies need a little treatment
also, and this is the challenge that I offer. Let
me explain!

To begin with, consider some technologies
that have interaction with the Environmental
Qualification Technology of which Shock and
Vibration is an important part., What I am re-
ferring to arc: System Safety Engineering which
is hazard identification, control, and/or elimi-
nation; and a group of technologies referred to
as the "ilities, " Reliability, Maintainability,
and Survivability/Vulnerability., And I'll toss
in Quality Assurance for good measure,

Most of you are familiar with these areas,
You all should be because there are many
common problems -- goals -- interfaces --
methodology between and among all of them,

Xiv
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Shock and vibration tests are involved in the
control of safety hazards and certainly are in-
volved in the development of reliability. Envi-
ronmental factors such as temperature are an
important cause of failure, but they are con-
sidered by a different environmental group and
by Reliability specialists. 1s there encugh
communication, interchange, or mutual effort
between these concerned parties? I don't think
there is,

As to objectives of these technologies, in
Environmental Qualification, you aim at vali-
dating that an item will perform to specification
-- and last for life -- in its environment. Mean-
while, System Safety engineers are figuring
out whether the item could be a hazard source
and the consequences if the item does fail,
Reliability people are busy estimating out how
long the item will last without failure -- MTBF
-- and what this means with respect to proba-
bility of successfully completing a mission.
Maintainability experts are making the item
easier to maintain with acceptablc expenditures
of manhours to replace/repair, etc.

Vulnerability specialists are making it
unlikely that the item will be hit or shot out of
the location where somebody put it, probably
for a good reason . . . . such as a low vibra-
tion environment, And Quality Control people
may find that the item delivered is not anything
like the item everyone spent all this effort on.

This picture is a rather gross over-simpli-
fication and an exaggeration, but it does illus-
trate that there is a lot of mutual interest in
failures of equipment, in design to preclude
them, and in tests to validate design. What
worries me -- in this economic environment
that we are in -- is that sizable essentials in the
various technical areas I've mentioned -- very
much need to be accomplished.

Unfortunately, full blown efforts in any one
of the areas can absorb a lion's share of avail-
able funds, So we must find ways of integrating
these efforts to kill more biids with one stone.
Some Air Force studies of different approaches
to reducing operating costs -- and integrating
technical efforts -- will be covered in later
presentations in this session, 1 hope they pro-
voke a few thoughts and ideas.,

This meeting is a good place to start be-
causc we have present both the people who under-
stand the sophisticated technology and the peogle
who can best bring about the needed changes, 1
would suggest that a session in all of your future
meetings be set aside for interfacing with the
other disciplines that are closely related to
yours -- with the objective of identifying mutual
interests and promoting helpful participation.

Xxv
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1 want to reemphasize the importance of
early, timely application of your shock and
vibration ccpsiderations in the system develop-
ment process, We see time and again that our
operational problems could have been prevented
by appropriate action in the early stages of
development. The importance of this early ac-
tion is true regardless of the type of procure-
ment approach -- whether a carefully phased
fullscale development program, ala the F-15,
or a prototype program, ala the lightweight
fighters.

There is a crucial early period in which
commitments are made when it is imperative
that the essentials of all the technologies, in-
cluding shock and vibration must be considered,
Decisions made at this time permanently impact
the ease of difficulty of achieving acceptable
standards of safety, reliability, and maintain-
ability.

The Military Services and NASA have im-
portant roles in the future of our country. We
both need dependable systems with superior
performance to meet our responsibilities. We
have made great progress in this regard, but we
must make new systems even better, We need
the help from the different viewpoints you re-
present in developing new techniques and knowl-
edge for doing the job of qualification, reliability,
maintainability, safety, and quality assurance
even better,

And let us not become so enthralled with
the beauty and elegance of the methodology that
we forget that the primary purpose is develop-
ing systems with the needed performance, on
time, and within costs,

I really have appreciated this opportunity
to speak to Army, Navy, and NASA as well as
Air Force specialists and their industry and
University counterparts. All of us are facing
the same problem. And the chances of finding
some answers are much better with all of us
working together,

If we can do anything to make your stay
more pleasant and productive, plvase speak up.
1 hope you can take advantage of the opportunity
to tour Wright-Patterson and visit the Air Force
Museum Friday morning.

In closing, 1 must say I noted with some
horror that this is the first national shock and
vibration symposium in Dayton in almost twenty
years, Please don't stay away that long again.

My pleasure to have been with you this
morning « + .
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INVITED PAPERS

STANDARDIZING THE DYNAMICS OF MAN*

DR. H.E. VON GIERKE
Director, Biodynamics and Bionics Division
Aerospace Medical Resecarch Laboratory
Wright-Patterson Air Force Base, Ohio.

1 was asked to apply the "human touch" to
this Shock and Vibration Symposium and report
on progress in analyzing and describing the
mechanical response and performance effects
resulting when the human operator is exposed
to shock and vibration environments. Reflect-
ing about this assignment, my thoughts went
back 19 years to the last Shock and Vibration
Symposiam hosted here in Dayton at Wright-
Patterson Air Force Base in 1955, At this
symposium we had a special session on the
biological-medical effects of shock and vibration,
and I recalled the topics of the seven papers at
this session{1): Motion Sickness, Physical Re-
sponse of the Human Body to Mechanical Vibra-
tions, Damage to Animals due to Vibration,
Vibration Tolerance Criteria, Hydrostatic Ef-
fects of Combined Tumbling and Deceleration,
Downward Ejection at High Speeds and High
Altitudes and finally, Acceleration Problems in
Ejection Seat Design. All of these were excel- |
lent papers; many of them became classics in
their field. And then [ thought of the problems
we are struggling with today, the problems
which according to our present-day, highly over-
developed research planning technology we hope
to solve within the next three years. And to my
surprise 1 had to confess: the problems today
still sound very much the sams! I was reminded
of an old story: the graduate, who after years
and years meets his old professor again and

*The research reported in this paper was
sponsored by the Aerospace Medical Research
Laboratory, Aerospace Medical Division, Air
Force Systems Command, Wright-Patterson
AF B, Ohio., This paper has been identified by
Aerospace Medical Research Laboratory as
AMRL-TR-74-129, Further reproduction is
authorized to satisfy needs of the US Govern-
ment.

asks him after awhile: "Say, professor, are
the questions in your examinations still so
dreadfully difficult as they were in our times? "
And the professor replies, "Sure, they are still
ro difficult. As a matter of fact, I still ask
exa-tly the same questions.' The old student

is surprised and asks, '"Why, if this is the case,
are the questions by now, not known to all stu-
dents and the answers are passed down from year
to year?" ''Well,'" answers the professor with
a smile, "'the questions are the same, but the
correct answers change from year to year."

Although [ was pretty sure that probably not
too many of you were with us here 19 years ago
and could argue with me how much the answers
to the old questions have changed, these recol-
lections forced me to take stock of the progress
we made over these 19 years and to count our
achievements. In the following I would like to
share some of the results with you.

There is no question: the problems are
still the same, some of them might even be more
critical. Accident statistics and injury analysis
give us today hard data, where 20 years ago we
only knew that we had a problem. The analysis
reveals to us if the man or the machine failed
first, if the man failed due to physical injury or
due to the inability to function normally and,
most important, how these failures correlate
with the environmental variables.

Human performance under vibration and
buffeting is still an operational problem in low
altitude, high speed flight, in helicopter and
personnel carricrs and in the surface effect
ships on the drawing boards. We are not
only concerned how these environments effect
milssion capability and weapons delivery but also
about their potential health effects due to re-
peated, chronic exposures. In a preliminary
survey 87% of helicopter pilots reported back
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symptoms after exposure to the helicopter en-
vironments for more than 300 flying hours.
Spinal injury due to escape maneuvers was stud-
ied before the first ejection seat was ever tested
more than 30 years ago. The problem is still
with us today: The USAF has approximately 10
major injuries per year caused by ejection
forces and the hospitalization and crew replace-
ment costs alone are estimated to be between 10
and 50 million dollars pcr year. Windblast
induced flail injuries to legs and arms stili occur
in roughly 7% of the ejectees (5 major injuries
per year) and the probability of flail injuries
increases with increasing airspeed (Fig. 1)3)(4),
All ejections initiated at airspeeds above 500
knots during the period January 1968 to December
1970 have resulted in fatality or major injury to
the ejectee. Efforts to protect the most vulner-
able part of man, his head, against blows and
penetrating impact go back to pre-historic times:
it is still difficult for us today to evaluate how
much protection a helmet provides and how to
quantitate the protection. In escape maneuvers
helmet retention is a problem, again due to wind-
blast forces (Fig. 2)(°M(6). T he total injury

rate to the head is twice as high, if the helmet

is lost, a satisfying evidence that our efforts are
useful. However, if we look at the distribution
of head-neck injuries (Fig. 3), we find that with
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Fig. 1 - Cumulative flail injuries as a function
of airspeed (USAF and US Navy) (From ref.
(3)).
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the retained helmet the probability of injury to
the cervical ai1ea, the neck, increases by 50%.
An injury mechanism might be at work through
which the aerodynamic forces on the helmet
increase the injury potential to the neck, These
are just a few, almost arbitrary, military data
points to emphasize that the old problems are
still with us. In spite of all the solutions found
they might even be more costly today in terms
of human injuries and mission effectiveness
due to the higher speeds, higher costs and
larger number of our systems.

What progress has been made on the bio-
medical side to assist the solution of these prob-
lems? 1 will not talk about the technological/
hardware solutions, but about our knowledge of
man, his mechanical properties, his ability to
withstand these environments and to function in
them. Looking over the last 20 years [ must
say that progress has been very impressive. It
was an exciting time during which a whole new
discipline, biomechanics developed, an inter-
disciplinary specialty taught today at many uni-
versities. 1t is no longer the temporary meet-
ing ground for physicians attracted by physical
and engineering problems and the engineer or
mathematician attracted by the possibility of
biological spin-offs from his area of prime
interest. 1t is a specialty in its own right sup-
plying useful information to various medical
areas, technologies and industries. The appli-
cation of biomechanical knowledge to aerospace
medicine and military technology is just one
specific application of the broader body of
knowledge. With respect to this specific appli-
cation progress might be summarized in three
statements:

1. For many practical situations of me-
chanical forces acting on man, we know how to
describe man as a mechanical system. We
know how the system reacts to various inputs,
how its performance is effected by the mechani-
cal responses and at what levels failure occurs.

2. Based on these data we can build
mathematical models{7M8) which allow us the
quantitative prediction of the body's response
to force environments we never tested or experi-
enced. We can give these models to the design-
ers of hardware systems and specify human
tolerance or performance limits in terms of
model responses, in a language directly under-
standable and usable by the designer, These
models of the human body can be combined with
models of the hardware systems, e.g., the seat
cushion, the seat, the restraint system, the tank,
etc., and the overall man-machine response can
be quantitatively analyzed,
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HEAD AMO NECK INJURY LOCATION DISTRIBUTIONS
3 1 JAN 1968 - 31 DEC 1972
t_, INJURY LOCATION HELMET INTACT HELMET LOST/FAILED
B (WHBER]  [PERCENT) (m)_—L(WENT)
k
: SKULL 12 23.1 1 26.8
3 BRAIN 2 3.8 3 7.3
3 FACE 22 2.3 7 a.s
EYES 2 3.8 2 4.9
EARS 3 5.8 2 4.9
CERVICAL AREA 1n 21.2 6 14.6
§2 41
N =48 N»34

NOTE: TW0 INJURIES WITH HELMET STATUS UNKNOWN.

Fig. 3 - Distribution of head injuries after ejection helmet retained
versus helmet lost, (From ref, 5).
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3. Qur data base is large enough and the
results reasonably consistent that we can make
the step from individual vbservations to generai-
ized responses; that we can standardize man's
biomechanical responses for many applications
in terms of mulitary standards, national stand-
ards and international standards. The improved
accuracy and cost saving from such standardiza-
tion is obvious.

Let me illustrate these advances by a few
selected examples, which might be of interest to
you:

a. Whole Body Response Models.

To describe the kinematics of the human
body under crash impact or during aircraft
escape maneuvers, mogels of the type shown in
Fig. 4 are being used. They describe torso
distortion and limb motion and impact of body
parts with obstacles and canopy walls. In our
program on the definition and reduction of wind-
blast effects on the ejecting <oewman, we are
presently measuring in a wind tunn:l the wind-
blast forces on the various body segments of a
live human subjcct.“") Thereafter, the meas-
ured distribution of aerodynamic forces will
be applied to this model to predict injury limits
in response to these forces. In a kinematic
model of the type in Fig., 4 the individual body
segments are treated as rigid bodies. Therefore
the modcei cannot describe the deformation of
body parts or organs leading to physiological
disturbances and injuries. For this, lumped
rarameter models of the whole body have proven
very successful, An example of one is shown
in Fig. 5(7), This model, for which each indi-
vidual parameter is quantitatively known,
describes deformation of the spine, thorax,
abdomen and neck under longitudinal impact loads

and vibration and also explains the thorax-abdomen wass

dynamics leading to injury from cxplosive blast,
The same model is being used to elucidate the
phenomena resulting from impact forces to the
chest, as for example, when in an automobile
head-on collision a driver's chest hite the steer-
ing wheel, The main responses of interest - the
chest deflection leading to rib fracture and the
intcrnal thoracic pressure rise resulting in lung
damage - are shown in Fig, 6 (19 The human
Lbody with the gross dynamic characteristics
represented by these models presents a driving
point impedance to the seat, when sitting, and

to the floor, wher standing, which is of interest
for many design, loading and measurement
problems, (11) Twenty years ago we started the
first whole body impedance measurements in our
laboratory; today we have enough data accumulated
that we are close to an international agreement
(1SO draft standard) on a standard impedance
function to be used for example for the evalua-

tion of seats and seat attenuation systems. The
draft standard curve (together with the model
configuration proposed to approximate the stand-
ard impedance) is shown in Fig. 7.
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b. Impact Tolerance Models.

In the whole body response model of
Fig. 8 the spine is represented by a simple,
linear spring. To usc this simple model of the
spine to predict tke probability of spinal injury
under the short duration +G, accelerations pro-
duced by ejection catapults was perhaps the most
impcrtant recent biomechanical contribution to
solve AF and DCD probleml.(l" As stated
before spinal injury, i.e,, compression fracture
of the vertebral bedy segments is a {requent and
extremely costly result of emergency escape.,
Althcugh it was the USAF design goal to keep
the probability of spinal injury to 5 per cent or
less, analysis of the accident reports revealed
that this limit was exceeded for several escape
systems and that past military specifications
limiting peak acceleration and rate of onset
were not adequate and realistic. Using avail-
able data on the dynamics of the spine and break-
ing strength data obtained from tests of cadaver
specimens a simple probability of injury model
for spinal compression fractures was developed.
The model considcrs only compression of the
spinal spring loaded by a single equivalent
body mass (Fig. 8).{14) The natural frequency
of the system is for the average AF flying popu-
lation (age 27.9 years) 8.42 Hz. The rormal-
ized maximum deflcction of the spinal spring
under the acceleration input, (normalized by the
compression of the spring under the body's weight)
is called the Dynamic Response Index (DR1) and
correlated with the probability of spinal com-
pr~ssion fracture, (The DRI is alsn equivalent
to the peak force occurring normalized by the
body weight.) The probability of injury estimated
from laboratory cadaver data as a function of
the DRI is presented in Fig. 9; the same graph
shows the data points from operational cxperi-
ences with various cscape systems, The opera-
tional data points justified a shift of the curve
to the right; i.e., an increase in breaking
strength for a given DR, a reasonable consc-
quence of the strength and damping added to the
isolated spinal column by the intervertebral
disks, and by the ligaments and muscles of the
live subject. The DRI vs probability of spinal
injury relationship in Fig., ¥ is now used in our
military specifications as a design and ovalua(-l,’)
tion tool for the development of ejection seats
and crew escape modules, (16) g usefulness
and advai:tai es have been proven over the last
5 years, It has been adopted internationally as
Air Standard by the Air Standardization Coordi-
nating Committce (ASCC), One of the main
advantages of this model methodology is that it
allows the evaluation of complex acceleration
inputs to which previous human cxposure cri-
teria were not applicable or incorrect. The
model can be combined with the dynamic charac-
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teristics of seat cushions for a quantitative
definiticn and prediction of their effectivencss
with respect to spinal injury potential,

Fig. 8 5 Syinal injury model, m is mass
{lb-sec“/in.); § is deflection (in.); { is damping
ratio; k is ltifénl‘ll (lb/in.Z); Gz is acceleration
input (in, /sec”); DR1=w @ /g, where DRI
stands for dynamic respo‘x‘xse"}n ex; w_ is nat-
ural frequency, w = (k/m)l (radians/sec);
and g = 386 in, /sec“. (From references 14
and 15)

» s Y
H TYPE OF NUMBER OF SUCCESSFUL
= AIRCRAFT EJECTIONS /
=z
: 4 737 42 /
o F-100 [ L]
» F-104 s F-ec /
E 3| 108 87 © v
=) \J
= F- 4C 76 &7
> F-a0
g 2}
[
w
2
S F
-
>
b 1
2
O 0L, d
(-] "” 14 e [ 20 22

OYNAMIC RESPONSE INOEX (DRY)
Fig. 9 - Probability of spinal injury pre-
dicted from cadaver data compared to op-
crational experiences with various US Air

Force ejection systems, (From reference
13)

This model for cvaluating longitudinal spi-
nal loads is only the beginning; much more re-
fined modcls of the spine are being worked on
to predict not only the occurrence of injury some-
where in the spine but to predict the exact loca-
tion of the injury and its dependence on spinal
curvature., For this purpose cach vertebral
clement must be represented as a separate
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entity. Examples of such advanced spinal models
are shown in Fig. 10, For the evaluation of
transverse acceleration loads as they occur in
capsule landing and crash impact situations
dynamic injury models for the other body axes
are under development, We foresee an injury
model which will finally allow us the prediction
of probability of injury for all body axes and
eventually for multiple repetitive impacts coming
from various directions.

c. Evaluation of Human Vibration Exposure

Twenty (20) years ago some individual
studies on what were considered excessive levels
of human vibraticn exposure with respect to
romfort and health were gvgilabibe, &1 the Shoak
and Vibration Symposium in 1955 the Chairman
of this morning's secssion presented a study for
Mr, Getline reporting on vibration levels and
acceptability judgments in military aircraft, a7
The paper culminated in the proposal of a toler-
ance limit curve, the WADC vibration tolerance
limit, which was used for many years in mili-
tary specifications. At the same symposium a
paper was presented on vibration exposures so
violent as to result in pathological damage to
the heart and viscera of animals, Little was
known at that time how animal emperiments can
be interpreted and extrapolated with respect to

their consequences for man, Here again the
following years brought increased activity in

this field: The models describing man's response
to vibration, which were mentioned before, were
supplemented by models describing the ~esponses
of various animal species and they all were re- (8)
lated to each other by dimensional scaling laws.
On the basis of such scaling laws the quantitative
interpretation of animal injury studies in terms
of human sensitivity became possible. Parallel
with these stndies on injury mechsnisms human
subjective tolerance and performance capability
when exposed to vibration environments for
various time periods were studied. The com-
bined body of information was extensive and
convincing enough that this year, after 10 years
of study and negotiations, agreement was reached
4y the mepnbter natiuns of the intermutionn!
Standards Organization (ISO) on an International
Standard on the evaluation of human vibration
exposure. (18) Bagically, the same approach

was already adopted years carlier as a US Mili-
tary Specification,(19) The standard gives ex-
posure limits for various exposure times which
should not be exceeded without adequate justifi-
cation or precautions since above these limits the
the risk of health impairment is imminent. At
acceleration magnitudes of half of the exposure
limits "fatigue' is likely to occur and on many
performance tasks required from operators in
vibration environments '‘proficiency' starts to

INVESTIGATORS

HESS & LOMBARD
LATHAM, 1957 | 'FLASTIC) 1998 LI, ADVANI
' MURRAY .
STECw aND  [temmv & mosemrs| 'V ® MY fiofe AND LEE CLIYZ L1 (51
PAYNE 1969 {VISCOELASTIC) el 1987 1970 a2
1968
] HEAD,OR MASS ABOVE Ti2
MAN HEAD AND
TRUNK
o
F 4
)
«
-
w
g z
% N
o "
o«
w
4
SEAT
Firl Fonl rm| £l FLe)

UNI=-AXIAL MODELS

| AXIAL- LATERAL RESPONSE MODELS™
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decrease. These limits for operator proficiency which might be selected as the design limits for
were taken primarily {rom pilot ratings. Need- passenger compartments of transportation

less to say, that the design of the operators’ vehicles, the curves must be lowered by a fac-
tasks will have a marked influence on the vibra- tor 3, For the various octave bands the accept-
tion level at which proficiency is actually im- able exposure level decreases with the exposure
paired, The frequency dependence cf these limit time as indicated in Fig. 12a. For transverse;
curves depends primarily on the body's biome- i.e., chest-to-back or side-to-side vibration
chanical response and is largely explained by the main resonance frequency of the body is
the models of the human body: exposure limits lower and the standard curves have the shape

3 ] are lowest in the frequency range in which body shown in Fig. 11b and 12b. Agreement on these

1 1 resonancus amplify the vibration input. For vibration expsure standards was a very impor-

3 vibration in direction of the longitudinal body tant step forward. 3Sefore the limits could be

3 axis the ''fatiguc/decreased proficience boundary" sormulated, a uniform methodology for measuring

: is shown in Fig. 11a. For the "exposure limits" and analyzing human vibration environments had
these curves must be raised by a factor 2, To to be developed. This step by itself was very

2 ] obtain the boundaries for ''reduced comfort, " important and worthwhile since it will result in

_ H

3 ¥

: ¥

3 H

- H 10.

U

R
»
o

1 .9~c'|0 il TR LENNE B B | Ivlu/ll T
m/sec - xg
L 70
3 €0 /
$0 4
0s \
oF \ / i
: sof R ¢ / N
e —— o

TR
by
(rmg) —o

7
(

2328
T
{

U T T

Vsrtical {a,) Vibrstion

235K /
4H Exposurs Limits as a
function of frequsncy anid

. ’ s Q / sxposurs time :
- 03 "Fstigue-Decressed —

ACCELERATION
o
> »
- T
o
]

[ 8H Proficisncy Boundary ]

024 To obtain: "Exposure Limits" saccolsration values 1
to be multiplisd by 2 (6 dB highsr)

o "Reducsi Comfort Boundary' sccslsr- 9

ation values to be djvided by 3, 1S
(10 d}) lowsr)
'l 1 A

[o]] U W W | ) G W W 1 i S | a1 A d L

04 063 io 18 3] 40 &3 100 160 280 400 630
03 0s o8 128 20 30 $0 80 125 200 300 S00 800

FREQUENCY o Me
CENTER FREQUENCY (O)F THIRD OCTAVE BAND ——o
a

Fig. 11 - The standardized limits for human vibration exposure: ''Fatigue/decreased profi-
ciency boundary'' as a function of frequency. a. for longitudinal (Z-axis) vibration, (From
reference 18)
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Fig. 11 (Cont'd) - The standardized limits for human vibration exposure: ‘‘Fatigue/decreased profl-
clency boundary'’ as a function of frequency. b, for transverse (X- or Y -axis) vibration. (From ref-

erence 18)

more reliable and uniform data collection in the
future, The standard for the evaluation of hu-
man vibration exposurc is basically applicable

to all vibration exposure conditions and situa-
tions, to civilian as well as military situations,
to aircraft, ground vehicles and ships as well

as to buildings and factorics. (Some adjustment
of the curves up or down might be inidicated since
the military population might differ with respect
to physical fitness from the gencral population,
since tasks differ with respect to vibration inter-
ference sensitivity and comfort at home is eval-
uated with a difierent yardstick than comfort in

a subway; but the basic framework applies to

all situations and the curves provide positive
guidance for all design requirements,) This
standard has also been adopted as Air Standard
by the ASCC after slight adaptation to the mili-
tary aviation requirements. An application of
the standard ie illustrated in Fig. 13:(20)

Here the vibration spectra during high-speed,
low-level flight are compared for a B-52, B-58
and an F-4; only in the F-4 are the vibrations
expected to have an effect on pilot fatigue and
proficience after apnroximately 2 to 4 flying
hours.

The vibration exposure standard discussed
covers the frequency range 1 to 100 Hz. Below
1 Hz human responsec and cxposure limits are
governed by motion sickness, a phenomenon not
only highly variable from subject-to-subject and
from situation-to-situation, but also a phenome-
non depending on other sensory inputs besides
whole body motion. Visual inputs play a major
role in its occurrence and adaptatinn is also
known to be an important factor, Although mo-
tion sickness is no serious disease and results
directly in no permanent effects, its debilitating
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"'fatigue /decreased proficiency" boundary from
ence 20)

consequences and effects on any task perfor-
mance are well known. Models have been ad-
vanced to account for the phenomena and their
dependence upon the physical stimuli but their
practical usefulness is limited due to the large
variability of responses. In spite of these
problems the requirement for some uniform
guidance with respect to this frequency range
was 50 stmng(z that the 1SO working group is
preparing an amendment to the vibration expo-
sure guidelines which proposes "severe distom-
fort boundaries" for the 0.1 to 1 1iz range for
various exposurc times (Fig. 14), {21M12) Expo-
sure up to these levels is expected to result in
less than 107: motion sickness in the general
population. Whenever for military use exten-
sions of human transfer functions to this very low
frequency range are nceded the shape of these
curves is being recommended as design guid-
ance,

Another standard in preparation relates to
human vibration exposure to hand-transmitted
vibratlon, as they occur with most power hand
tools (pneumatic and electrlc tools, chain saws,
etc. ). Habitual use of many of these tools has
been found to be connected with various patterns

over mountainous terrain, The ] and 4 hr
Fig. 1la is also indicated, (From refer-

of disease involving blood vessels, bones and
joints of the exposed hand and arm. Tentative
exposure limits are presently under considera-
tion by the ISO working group dealing with this
subject. These limits are shown in Fig. 15, (12)

In spite of the progress in the standardiza-
tion of human responses to vibration, research
on this subject 1s continuing. A new approach
which might be of particular interest is the ap-
plication of manual control theory to the evalua-
tion of the operator performance on control
tasks of defined complexity. This approach re-
sults in human operator models which allow us
the calculation of an operator's tracking perfor-
mance derived from the vibration interference
with the display and control interfaces (Fig. 16),(22)
By this methodology the operator's error can be
analyzed In terms of a coinponent correlating
with the signal Input and two components caused
by the vibration effects: the vibration correlated
feedthrough and the additional remnant, or noise,
in the control output (Flg. 17). The applicaticn
of this approach might best be illustrated by an
example: Pilot tracking pertormance under
vibration was investigated as a function of con-
trol stick location (side versus center) and stick
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Fig. 14 - Proposed "severe discomfort
boundaries' for various exposure times
for the 0.1 to 1 Hz frequency range. (12)

Fig. 15 - Proposed standard exposure
limits for hand-transmitted vibration as
transmitted by power hand tools. (12)
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Fig. 16 - The human operator performing a manual task in a biodynamic environment.
(From reference 22)
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dynamics (stifi versus spring stick). (23} Separa-

tion of the errors into their various components
exhibited the differences shown in Fig. 18.
Theoretical prediction of the errors by use of
the model results in good agreement with these
data (Fig. 19). A practical application of these
results and the model's predictive capability are

shown in Fig. 20: In the vibration environment
there is an optimum stick gain at which the out-
put <rror is a minimum. The minimum is
caused by the summation of the vibration feed-
through increasing with stick gain and the track-
ing related error (remnrnt) decreasing with in-
creasing stick gain,

Vibrotion nput,v

e —————

|
I eedihrough Motor £
] ]
| [>|Remnont j=y Y, Remnont |
_ 1) | ®me | Onnc 4
Trocking I 1.2 | I
Input | i e Cy ne |
P el r]"l Y, o Faal l Ic Y !
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Fig. 17 - System model for vibration effects on manual control per-

formance. (From reference 22)
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Fig. 18 - Pilot tracking performance under
‘vibration (side stick versus center stick):
components of error. (From reference 23)
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Swnmary and Conclusions

I hope this brief review of progress in
biodynamics over the past two decades has illus-
trated the important advances made in defining
and predicting man's response to shock and
vibration environments. The emphasis of my
remarks centered on the recent development of
standards in this area since they indicate the
practical application of the generally agreed
upon results. These standards should be of
interest to the designers of all transportation
vehicles - water, land, air and space - and the
designers of buildings as well as heavy machinery.
My remarks did not do justice to the progress
in basic biodynamics, the tremendous knowledge
gained on the material properties of bone,

tendons and 4ii i1ving tissue and the theoretical
advances forming the foundations for the appli-
cation of the modeling technologies I described.
It is obvious, although it is unfortunately fre-
quently not acknowledged these days, that the
practical applications are only available and
sound if they are based on firm and broad basic
knowledge. The isolated pieces of knowledge of
this technology base might have no direct prac-
tical application at all!

Most of the research results and standard-
ization efforts I quoted originated from military
requirements and R&D efforts. Many other
programs profitted from these advances in bio-
dynamics over the last two decades: The Manned
Space Program of NASA; the Highway Safety
Program of the Department of Transportation;
the Occupational Safety Program of the National
Institute of Occupational Safety and Health; pro-
grams of the Environmental Protection Agency;
and, last but not least, biomedical engineerinf
in general in support of clinical medicine.(24
There can be no doubt that even if old problems
are still with us new problems stimulat~d and
broadened the field. And the answers available
today are far ahead of what we knew 20 years ago.

The reason for reviewing this information
at this symposium is twofold: First, I think,
the information and standards presented should
be of interest to you and should be used by you,
whenever man is exposed to shock and vibration
environments. Second, it is important for you
to realize that your technology, your measure-
ment and testing techniques and your theories
are being used in biodynamic research and that
we are grateful for your contributions.
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THE RIVET GYRO STORY

by

JOHN E. SHORT
Director, Rivet Gyro Programs,
Aeronautical Systems Division,
Air Force Systems Command,
Wright-Patterson Air Force Basge, Ohio

The objective of the Rivet Gyro Program is
shown in Fig. 1. R is a combined AFSC/AFLC
program to improve the operational reliability
and lower the logistic support costs associated
with Air Force systems, subsystems and equip-
ment through maximum utilization of USAF
organic resources. It ic the last six words of
that statement that make the Rivet Gyro Program
different from other Air Force programs that
have similar goals and objectives. Rivet Gyro
means that when a job is to be done, it will be
done by Air Force people using Air Force
facilities and Air Force resources.

As shown in Fig. 2, the program started in
May 1972 when General Ryan, Air Force Chief
of Staff, indicated that he was dissatisfied with
the low reliability and high logistic support
costs associated with a certain aircraft’s Inertial
Navigation System. General Ryan’s concern
was reflected in a Program Management
Directive to the Air Force Systems Command
that not only said that the faults were to be
found and fixed by Air Force people but a six-
month, start to finish time constraint was
imposed upon the program. What appeared in
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Fig. 1 - The Rivet Gyro Program - Objective

May of 1972 as a one-time challenge to our
responsiveness and our in-house engineering
capability has evolved into a program of major
stature,

When a Rivet Gyro investigation is
directed, 60 days are allowed to burrow into
the problem and present a proposed plan of
attack. From that point on, four months
remain to complete the investigation and pro-
duce the final results.

As ] mentioned earlier, Phase I of the
program was an investigation of an Inertial
Navigation System. It, like all subsequent
phases, was completed on schedule and, as 1
will show you on a summary chart, it was dem-
onstrated that the operational reliability of the
system could be essentially doubled and that a
logistic support cost in excess of 70 million
dollars could be avoided.

Phase 11, also directed by General Ryan,
focused our attention on a Navigation Computer
and a Scan Converter in one type aircraft and
an Inertial Nagivation System in another type

b I |
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Fig. 2 - The Rivet Gyro Program Phases




aircraft. These investigations were conaucted
while simultaneously the Rivet Gyro Office

was involved in directing the Air Force-wide
implementation of the recommendations which
had been accepted as a result of the Phase I
investigation. The implementation phase of
any Rivet Gyro investigation is the most impor-
tant phase for it is obvious that 1t 18 not enough
to know just what 1s wrong and what could be
fixed. The payoff is when it does get fixed,

and it takes just as much creativity, imagina-
tion and ingenuity to create a rapid upgrading
of inventory capabilities as it does to find the
faults and find the fixes.

Phase III came into being because the
Commander, TAC, became concerned over
what he defined as uncommanded inputs into
an aircraft’s Automatic Flight Control System
that resulted in serious flight safety incidents
and aircraft accidents.

Phase I was followed by Phase IV within
which we undertook an independent look at
the low reliability and high logistic support
costs associated with an Attack Radar System.

Under Phase V, we are investigating a
Terrain Following Radar, a two-gyro heading
reference platform and an infrared tail warning
system. We are on schedule and we will report
the results of our investigation at the Air Staff
on the first of December and from what I see
at this point in time, the Rivet Gyro magic has
worked again.

The key elements of any Rivet Gyro Pro-
gram are diagramed in Fig. 3. They are to
get reliability up and logistic support costs
down. Our challenge is to do it on an exact
fixed schedule that will not exceed six months
and to do it with Air Force people and Air
Force resources. It means that we must find
the problem, find the fix and demonstrate the
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Fig. 3 - The Rivet Gyro Program - The
Approach to the Problem

resuits which, if necessary, include the proto-
typing of hardware as well as ground and
flight testing to validate our recommendations.

Our approach is to look at all possible
factors that can contribute to low reliability
and high logistic support costs. It means that
we have to find out why the hardware fails
and, with that information in hand, fix it so
that the hardware being provided to the field
units is as good as we realistically can make
it. Quite consistently, we have found that the
rellability of inventory equipment can be
improved by upgrading the quality of the
piece parts of which it is made. However,
10 get to that point, a lot of technical work
goes on to isolate the principal piece-part
offenders. Only through laboratory analysis
of failed piece parts can we determine why
the part failed, but with that information in
hand, the fix may be very obvious.

We put technical teams into the field to
try and understand the problems from the
users point of view. One NCO talking to
another NCO can produce valuable information
on the problems we search.

Our field trips frequently disclose errors
or deficiencies in maintenance technical
data or the need to revise maintenance
practices or procedures. y‘hen that is the
case, we try to get the necessary revisions,
in at least prototype configuration, into the
field before our six- month clock runs out.

To make sure that nothing is overlooked,
we even evaluate the adequacy of transportation
packaging to make sure that the equipment is
not damaged during transit. In five out of the
six major investigationsthat we have conducted,
AFLC packaging engineers have been able to
improve upon the adequacy of existing
packaging while at the same time lowering the
cost of the packages.

We work very closely with the people in
the Technological Repair Centers of AFLC.
No matter what kind of business you are in,
it sometimes helps to have an independent
organization look over your shoulder. Some-
times amazing things happen. For example,
AGMC was having trouble with air bubbles
in repaired accelerometers. We said that we
would take a look at their manufacturing
procedures. We did and found nothing.
However, the bubble problem has mysteriously
gone away,

Not all proolems are that easy to solve.
For example, we became concerned about
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what appeared to be a high scrappage rate of
very expensive Magnatrons used in one of

our operational aircraft radar systems. Our
initial thought was that perhaps, if the Magna-
trons were bad, some part of them could be
salvaged or the Magnatrons rebuilt cheaper
than the price of new ones. It took over four
months of very exacting work to uncover the
fact that many Magnatrons were being scrapped,
not because they were bad, but because of a
very unique characteristic of the test equip-
ment being used to check them at the depot
level. It was erroneously indicating that they
were bad. It took PhD talent borrowed from
the Air Force Avionics Laboratory to really
get to the bottom of the problem. In any event,
our interest in looking at depot practices and
procedures is to improve the effcctiveness of
their operations, thus hopefully reducing
logistic supports costs.

If 1 may, I will use our investigation of
the inertial navigation system, pictured iu

Fig. 4 - Inertial Navigation System

Fig. 4, as an example of the Rivet Gyro
methodology. At the time that we initiated

our investigation, there were over 2300 systems
in the inventory with an average mean time
between failure (MTBF) of 40 hours with an
annual logistic support cost in excess of

$24 million a year.

It is relatively easy to establish an MTBF
model for that INS. Our model, shown in
Fig. 5, indicated that the computer contributed
the most to low system reliability while the
depot repair o the inertial platform contributed
the most to the annual logistic support costs.

It is relatively easy to derive from the
Air Force Data System which subassembly
within the LRU listed in Fig. 6, contributed
most significantly to the unit’s failure rate.
Obviously, our attention focuses upon those
subassemblies that werc the greatest offenders.
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From the Air Force Data System it is also
possible to find out down to the piece-part
level within a subsystem which piece-parts
fail most frequently. Such data are shown
in Fig. 1.

It is at that point in the process that the
real technical detective work starts.

In the case of the INS we found a signifi-

cant number of piecc-parts, such as cat-whisker

diodes shown at the top of Fig. 8, which are
technically obsolete by today's standards and
can contribute to the intermittency of equip-
ment under vibration. We also fourd many
piece-parts that were being electrically over-
stressed because of high voltage transients
present in the aircraft primary power system.
As a matter of fact, we proved that by merely
upgrading the quality of the piece-parts
within the computer that it is possible to
more than double its reliability. We also
found that in terms of cost that it was cheaper
to use currently available piece-parts of

high quality than it was to continue to procure
limited quantities of obsolete piece-parts.

RELIABILITY ASSESSMENT (MTBF;*
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Fig. 5 - Rivet Gyro-Phase I - Overall Reli-
ability Assessment (MTBF)
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Fig. 6 - Rivet Gvro-Phase I - Computer Reli-
ability Assessment (MTBF)

When we see variations in MTBF between
Air Force Bases using identical equipment,
we become very curious. These variations,
illustrated by Fig. 9, are classically driven
by what we refer to as the people, paper and
procedures problem. Unauthorized mainte-
nance practices and unorthodox operational
procedures can and do have a drastic impact
on equipment reliability and logistic support
costs. Our field investigations center on
uncovering these deficiencies and correcting
them. It is not infrequent to find that by
merely improving operational crew debriefing
procedures that a dramatic improvement can
be made to field maintenance capabilities.

It is not unusual to find during our field
visits that the field mzintenance personnel
have a need for test facilities that had not been
provided to them to more effectively perform
their field maintenance function. In the case
of the INS several technical organizations had
found the need for a system hot mockup and
had designed and fabricated one of their own
as shown in Fig. 10.

With this knowledge in hand and evidence
of the value of a system hot mockup in the
field, we designed and produced four well
engineered prototype hot mockups as shown
in Fig. 11, and provided them to technical
organizations for a formal evaluation. The
Rivet Gyro hot mockups have proven to be so
effective in improving field maintenance capa-
bilities and lowering logistic support costs
that a total inventory quantity is being pro-
duced by Air Force personnel at Newark AFS.

As 1 said, in six out of seven of our major
investigations, we have found that transporta-
tion packaging has been inadequate and costly.
The inertial platform, as it was shipped from
Newark AFS to the field, consisted of 13
discrete pieces (Fig. 12) which were frequently

PARTS USAGE ANALYSIS - GYRO TEMP CONTROL
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Fig. 7 - Rivet Gyro-Phase I - Parts Usage
Analysis - Gyro Temp Control
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DIODE CONSTRUCTION CUTRENTLY USED IN AIRCRAFT RECOMMENDED MORE RELIABLE DIODE CONSTRUCTION TYPE
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Fig. 8 - Piece Parts

lost, discarded or destroyed when the unit was
received in the field. Therefore, the platforms,
when they had to be returned to Newark for
repair, were shipped in whatever container

was avai le. Lo AAAUILLILY PLATEORM ASSEMBLY
lab € I“J FAJLURE RATE :[:(IQJ”:KIM HOURS
The Air Force Packaging Evaluation " S ION mrEd
Agency of AFLC undertook the job of redesign- o WAY 191 APRIL 192
ing the packaging and as a result of their Ve
redesign effort, a unitized container shown (0 d
being drop-tesied in Fig. 13, is being used e
throughout the Air Force. e
In addition to asking for data that through a1
analysis takes us to the piece-part level of 7
failure, we also asked that all failed piece- S
parts such as shown in Fig. 14, be forwarded N
to us for detailed failure mode investigation.
During our investigations of one of the ]
Inertial Navigation Systems, possession of Heboeaeb o8B s obe daloes
failed piece-parts provided major clues as
to the primary causes of system failure. For Fig. 9 - Failure Rates of Platform Assembly
example, we found a significant number of at Various AF Bases




Fig. 10 - System Hot Mockup Developed in
the Field

Fig. 11 - Rivet Gyro System Hot Mockup
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Fig. 12 - Inertial Platform Packaging Fig. 13 - Drop Test of Single Package for
Inertial Platform

Fig. 14 - Failed Piece-Parts
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rotating AC transformers that had experienced
premature failure in the field because of

poor quality control at the vendor’s plant,

as shown in Figs. 15 and 16. To uncover this
deficiency, we used the x-ray facilities of the
Air Force Materials Laboratory. As a matter
of fact, we used the x-ray technique very
frequently so that the physical configuration
of the article is preserved before we disas-
semble it for evaluation. We found a large
quantity of cord wood electronic modules

that had been removed and rejected on the
depot repair line. In our attempt to determine
which piece-part within the module caused

the failure of the module, we uncovered

the fact that better than 80% of the modules
were totally functional. The cause of the
problem lay in the practices being fol-

lowed within the depot repair process. It

was the practice of the repair activity to
sequentially remove and replace suspect
modules until the unit from which they were
removed passed all performance tests.

The removed modules were being discarded
for the lack of a bench test capability to
determine which of the modules that had been
removed were in fact the offending item. The
solution was very simple and highly cost
effective. We designed a module tester and
provided it to the repair activity for their use,

T
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Fig. 16 - X-ray of A.C. Transformers
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When we looked at several of the cord
wood modules, we found that because of
corrosion, the pin connectors no longer existed.
A laboratory analysis indicated that the prob-
lem was caused by someone in the ‘*total
process’' switching to acid core solder
which, under high humidity conditions, pro-
duced hydrochloric acid. It was at this point
in time that in a loud voice we said, **WE
ARE GOING TO FIND OUT WHOQ IS USING
ACID CORE SOLDER.” To be honest, we
never did find the culprit but our voice must
have been heard because the problem has
disappeared and the reliability of the unit in
which the modules are installed has more than
doubled.

We found great numbers of electromechani-
cal devices, such as motors, synchros, and
resolvers, as the only problem with the unit
and the reason for its failure was the choice of
the lubrication applied to the miniature bear-
ings within the unit. We not only proved that
the lubrication was wrong and that a better
lubricant was available, but also that the failed
units could be econonically reclaimed by merely
replacing the failed bearings with bearings con-
taining a proper lubricant. There is currently
a new {amily of bearings lubricants that can ex-
tend the useful life of many of our small rotat-
ing devices by a factor of five to ten, It is now
our task to try and convince the vendors who
produce the articles that change to the lubri-
cants is also cost effective for them. As a
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matter of fact, [ was bluntly toid by one minia-
ture bearing manufacturer that he wasn't inter-
ested in improving the life expectancy of his
article. He liked it the way it was, However,
we did get his attention when we told him that
we intended to share our information with his
competitors.

When we conducted our investigation of
the Navigation Computer, Fig. 17, as you
would expect, we found a need to upgrade
field maintenance and technical orde.'s, to
improve transportation packaging, and to
eliminate low quality or obsolete piecz-parts
from the equipment itself. However, the
major contributor to system failure was being
caused by water that was entering the unit
through the windows in the lighting plate on
the face of the computer control box with the
results shown in Fig. 18. The computer
control box is located on the left-hand side of
the rear cockpit. It is directly below a hole in
the side rail which is part of the hatch latching
mechanism. Whenever the canopy was open in
the rear, the water ran through the hole and fell
directly upon the face of the control unit. To
my knowledge, there had been nine engineering
attempts to design a method of keeping water
trom going through the hole. All were unsuc-
cessful, The Rivet Gyro approach £aid let's
assume that we can't keep the water from
going through the hole so why not catch it on
the underside. Our fix was a simple tin
trough with a long plastic %use on the bottom.
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Fig. 17 - Navigation Computer
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Fig. 18 - Effects of Water Penetration

It mounts directly beneath the hole on the
side rail of the cockpit as shown in Fig. 19,
When we showed our ‘‘fix”’ to TAC, they
asked, with a smile on their faces, whether
the tin trough was an example of ASD system
engineering. Our answer was ‘‘Try it, you'll
like it”’. TAC had only one other question
and that was, ‘‘Where does the water go?’’.
Our answer was, ‘‘Into the bilges of the
aircraft where it has always gone. It will
just no longer be filtered through the computer’’.
TAC ran a six-month field evaluation of the
ASD water diverter and, sure enough, it
worked. At the present time, we are building
a total inventory quantity within our local
shops and the entire fleet will be modified

in the next few months.

Our investigation of the Flight Control
System was as lifficult as any Rivet Gyro
investigation that we have conducted.
Technical order deficiencies and field main-
tenance errors were easy to uncover but
they could nat explain the cause for autopilot
malfunctions. Through extensive laboratory
analysis and evaluation, we found the three
things shown in Fig. 20, each of which could

Fig. 19 - Rivet Gyro Water Diverter
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explain one or more modes of system mal-
function. We found a significant number of
CL-65 wet-slug tantalum capacitors in the
control amplifier which have the very nasty
characteristic of periodically shorting internally
and then curing themselves. A shorting
capacitor at the right place in the amplifier

@ UNCOMMANDED 1n>0TS" CAN BE CAUSED BY -

@ TANTALUM CAPACITORS i CONTROL ~MPLIFIER

@ TATE GYRO SPIN AXIS BEARINGS

@ INAOVERTENT AUTOPILOT ENGAGEMENTS CAN BE CAUSED
8Y CONTAMINATION OF THE WYDRAULIC SYSTEM

@ STABILATOR ACTUATORS MAVE AN UNEXPLAINABLY HIGH
INFANT MORTALETY RATE

Fig. 20 - Flight Control System
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can drive a flight control surface hard over.
We found that the wrong lubricant was being
used on the bearings in the spin axis of the
rate gyro which was causing frequent spiking
on the output of the rate gyro. This condition
can also drive a control hard over. Our final
finding was that there was inadequate particle
filtration in the hydraulic system that fed the
stabilator actuator. As a matter of fact, it was
found that upon occasion that the filter that
was in the system ahead of the stabilator
actuator could go into a back-flush mode
thereby dumping all of the entrapped contam-
inates into the system. The fix was cbvious.

It meant changing the currently installed filters
with finer grain filters and eliminating the
override bypass provisions of the old filter.

We are currently working on an Infrared
Tail Warning System. The system is located
on the top of the aircraft’s vertical stabilizer
shown in a horizontal position on Fig. 21. One
of our major investigations concerns itself

a w
X

Fig. 21 - Infra Ked Tail Warning System
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Fig. 22 - Rivet Gyro - Box Score
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Fig. 23 - Rivet Gyro - Goals for 1975-76

with really understanding the extremes of the
shock and vibration environment that the equip-
ment faces as it is flown on the aircraft. In
our parts collection process, we have seen
dozens of vibration isolators that have struc-
turallv failed. The Air Force Flight Dynamics
Labor:tory and Materials Laboratory are
jointly conducting in-house investigation as to
the cause of these failures. It appears at this
point in ‘ime that the resonant frequencies of
the scan:er as mounted on the isolators in the
fin cap match the frequencies of the bending
vibration modes of the vertical stabilizer.
Evidently, the isolators are not alleviating the
vibration but making it worse. In fact, because

there is no sway brace, the scanner has been
impacting against the fin cap during flight.
Furthermore, preliminary meagsurements
obtained using digital model anxly<is techniques
at the Air Force Materials Laboratory
indicated that a proposed appruach of stiffening
the isolators does not appear to be feasible
since the isolators would then become stiffer
than the fin cap structure to which they are
attached. The net result of all of this is that
apparently since the isolators did not function
very well at high frequencies, the vibration can
best be reduced by hard mounting the scanner
in the fin cap, thereby eliminating the failing
ryounts and improving the reliability of the
system. Of course, we’'re continuing our
laboratory tests out at Wright Field on this

fix right now. It is one of the most dramatic,

I think, exampies of underestimating environ-
ment, misunderstanding it, not anticipating it,
but having found that there was a deficiency,
not moving out fast enough to correct it.

Why is Rivet Gyro important and why is it
receiving attention, recognition and support at
the highest levels within the Air Force? To
me the answer is obvious. The ‘‘box score’’
for the first two and one-balf years of Rivet
Gyro operation, shown in Fig. 22, indicates
that the reliability of systems can be improved,
that logistic support costs can be reduced and
that the Air Force has the organic capability
to solve many of its problems in a minimum
of time with a minimum of total investment
cost.

A new Rivet Gyro Program Management
Directive is being issued by Hq UASF which
states the desire of the Air Staff: (i) to
continue to address the logistic svpport ‘‘high
burners’’ and develop a methodology than can
be applied to our current development and
acquisition programe, and (2) to expand the
Rivet Gyro Program throughout the {ield
elerients of AFLC and the products divisions
of the Systems Command.
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AVIONICS RELIABILITY

LT COLONEL BEN H. SWETT
R&D Director, Analysis Division,
Deputy Chief of Staff for
Development Plans, Hq Air Force
Systems Command, Andrews Air
Forc~ Base, Washington, D.C.

In July 1973, General Robert T. Marsh was heart of it, it says, ‘* For reliability predictions,
DCS/Development Plans at Headquarters, Air see Mil Standard 756, and for reliability demon-
Force Svstems Command. He was given a strations, see Mil Standard 781.”

briefing on a study of the A-T aircraft. One of
the findings was that black boxes didn’t black
box very well, At the end of that briefing,

L 48
General Marsh asked the set of questions shown MM e ey
in Fig. 1, concerning not only the A-17, but the )
reliability of avionics equipment in general. e e e
From the last three of these questions, we r,m, 786
inferred a major underlying question and ey T
assigned ourselves four study tasks. . S |
i | o
Oa2a Bt
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Il e e r—— Fig. 2 - Electronics Reliability: Analysis
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We took a look at those specifications. As
indicated in Fig. 3. Specification 756 addresses
the prediction of reliability, based on mathe-
matical modeling. The predictions respond to
the complexity of the equipment design, its
expected usage, parts count and parts failure
histories from such documents as Mil Hand-

Fig. 1 - Avionics Reliability

We started out by taking a look at tne Mili- book 217. We can largely ignore the last two
tary Specifications for various kinds of elec- vullets on this silde. They were part of the
tronic equipment. These are given in Fig, 2. original study, but it turned out the correlation
Each specification in the left-hand column of indicated here was a fluke. The reason we got
Fig. 2 contains a paragraph entitled ¢ reliabil- a correlation was because somebody divided
ity’’, which doesn’t really say anything — it the predicted value by 10, as the entering
merely refers to Mil Standard 454, Require- argument for a reliability growth curve. The
ment 35, also entitled '‘reliability’’, which also growth never happened, so the beginning of the
doesn’t really say anything. It refers in turn to growth curve correlated to the eventual field
Mil Standard 785. That document is largely reliability, which was also one-tenth of the

organizational and procedural in nature. At the prediction.
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As shown in Fig. 4, Mil Handbook 217
contains parts faflure rates, based on tests
under thermal stress. R summarizes failure
rates by part type, providing with each a set
of environmental K factors designed to relate
test results with field experience under various
environments of use. These K factors multiply
the basic failure rate — or derate the test
MTBF, which means the same thing — ‘‘to
account for failures caused by other than
thermal stress.’”’ Mil Standard 756 summarizes
the K factors by environment of usage. As you
see, shipboard and fixed ground applications
are approximately as fajlure-producing as the
laboratory tests. Interestingly enough, 8o are
satellites on orbit — not necessarily a benign
environment, but a very predictable one, For
manned aircraft applications, the K factor for
all types of electronic parts averages 6.5 —
which means the laboratory tests capture about
15 percent of the field failure rate for avionics
parts, Missiles and satellites on launch and
boost, of course, have a tremendous X factor,
due primarily to the extreme shock and vibra-
tion regime during those phases of the mission.
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1 would like to add one other comment to
this list: the factor of equipment operating time.
Shipboard and fixed ground equipment face
their stress envircument for a long time. So
do satellites on orbit. But the tremendous
shock and vibration that missiles face is
primarily for 10 to 15 minutes. Aircraft, for
which the K factor is not as large as missiles,
face a very dirty, very complex, very failure-
producing environment for a period of years.
So it is m.y opinion that aircraft applications
represent the worst case for electronics equip-
ment, because they combine a tough equipment
with long periods of operating time.

We’ll take a quick look at Mil Standard 781.
Figure S indicates that it is basically a statis-
tical document. Now, there are numerous
people both in and out of the religbility commu-
nity who have assumed that reliability is a
subset of mathematical statistics as a
discipline. Therefore, to be a reliability
engineer, one must first be a statistician. I'll
have more to say about that in a minute, because
ft is part of the problem.
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Fig. 5 - Mil-STD-781 ‘‘Test Plans’’ (1)

This is a test plan out of Mil Standard 781.
It plots total number of failures on the ordinate,
against total test time on the abscissa. As long
as the demonstrated MTBF — that is, the ratio
of total test time to total number of faflures —
remains between the lines, the test is continued.
If and when it cuts the upper line, the equipment
is rejected. If and when it cuts the lower line,
the equipment is accepted as having passed the
test. A very simple, straightforward sort of
thing. Ithink even my copilot could have used
it. However, when I encountered these test
plans, they bothered me, because this is not a
normal way to plot confidence interval calcula-
tions, So1I replotted them several times, in
several different ways.




Figure 6 is one of them. I plotted the ratio
of demonstrated MT BF to specified MTBF on
the ordinate, and total failures on the abscissa.
Now, for those who are siatisitcally inclined,
there’s about 15 minutes worth of text that goes
with this slide. But for those not 8o inclined,
the only point is over on the right side, where
#t indicates this test plan will accept any demon-
strated MTBF greater than about two-thirds of
the specified value. In other words, # will
accept a third Iess than the specified MTBF.
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Fig. 6 - MIL-STD-1781 *‘Test Plans’’ (2)

Figure 7 gives the test conditions called
for by Mil Standard 781. Now, some of us
isolated and naive staff officers at the Headquar-
ters had assumed this Standard contained a
menu of stresses which could be tajlored for
any given equipment. That is not exactly so.
R calls for this same package of five stress
types, and any tailoring is within the package.
And anytime someone taiks about ‘781 stress
levels,”’ he’s talking about therma) stress, in
terms of temperature range.

Figure 8 is the 781 reliability test ior
avionics, I plots temperature range against
chamber time., Down there, where it says,
*-54°C,”’ the equipment is turned on, R's
heated with the chamber, hopefully at a rate of
5°C per minute, to the upper value called for by
the contract. R’s held there for two hours; the
equipment i8 turned off, and the chamber is
chilled back to the starting temperature,
Vibration is applied for ten minutes per hour of
equipment operating time. Input voltage is
varied by tenths, in steps. And the cycle is
repeated until the equipment 18 accepted or

rejected by the statistical test plan. That is the
781 test.
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Fig. 8 - MIL-STD-1781 Test Conditions/Cycle
(1)

I wondered how realistic that thermal stress
was, 80 I scratched around and found there were
some people at the Air Force Flight Dynamics
Laboratory who knew about such things.

I'll have to tell you a side story at this
point. During one of the first times I gave this
briefing, an individual in the audience stopped
me at this point and said, ‘“‘Colonel Swett,
you’re talking about reliability, aren’t you?”’

1 said, ‘““Yes, I am.’’ And he said, ‘‘Then what
are you doing talking to the Flight Dynamics
Laboratory?’’ I said, ‘Sir, I think your
question i8 an indication of the problem I'm
attempting to address.”’

On request, the FDL Combined Environments
Group gave me some measured temperature
data from the forward looking radar compart-
ment of the A-7 aircraft, on desert, tropic
and arctic mission profiles. These are shown
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In Fig. 9. They show that the 781 temperature

range at least covered the extremes — and
might in fact be an over-stress, since the

i majority of the time is spent in the waist of

H those measured temperature curves.

are infinitely more frequencies and their
harmonics operative in that compartment than

the 781 test covers, any one or any combina-
tion of which could be producing resorant type
fallures.
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Figure 10 shows the vlbratlon stress called Fig. 11 - A-TD/E Vibration Levels:
for by Mil Standard 781. It is the only one call Forward Looking Radar
for: 2.2 grms, single axis, sinusoidai vibration,
at one non-resonant frequency between 20 and
60 Hz. And you'll recall from a previous slide Figure 12 shows what happens when you
that it is only applied for 10 minutes per hour fire the guns. You'll notice the neat multlples
of equipment operating time. The flrst time I of 100 Hz produced by the M-61 Gatling gun in
briefed this at the Flight Dynamics Laboratory, thls aircraft. The conclusion of these slides 1s
five people in the audience suddenly burst into — and there is other experience data to back
laughter at this polnt. Apparently, they knew
what was coming next.

it up — that the Mil Standard 781 vlbratlon 1s
totally inadequate f{or avionics testing of any

sort. And thls leads us to an interesting obser-
vation,
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Fig. 10 - A-TD/E Vibration Levels: (1)
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What happens when you overlay the mea-
sured vibration in that same compartment of
the A-7 1s shown in Fig. 11. Obviously, there

Fig. 12 - A-TD/E Vibration Levels:
Forward Looking Radar
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With the vibration test being found unrealis-
tic, we see from Fig. 13 that 781 applies
basically the same stresses asthe laboratory
tests used to produce failure rate data for Mil
Handbook 217. On the right of the Figure, it
indicates that both 217 and 756 failure rates
must be multiplied by an average of 6.5 for
avionics, to account for failures ca.sed by
stresses not applied during the test. But 781
does not derate its test results at all. Therefore,
if the 6.5 holds, one could expect about 6.5 times
worth of optimism in 781 test results. In 2ther
words, 781 is also capturing about 15 percent of
the field failure rate for avionics.
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Fig. 13 - Electronics Reliability: Analysis
of Directives

1 have checked a number of other equip-
ments, and I find a rather tight grouping, from
about 5.9 to about 6.9, among correlations
between actual failure rates during 781 tests
and actual failure rates in the field. 1 need
more correlations of this type, but that’s what
T have to date.

On Fig. 14, we turn from analyzing what
781 is, to an analysis of what it does. It says,
‘“‘Mr. Program Manager, if you have equipment
with any specified MTBF listed on the left of
the slide, and a contract that calls for ‘781 Test
Plan II1,’ the highest MTBF you can legally hold
the contractor to demonstrate in the chamber is
shown in the second column.”’ That demonstra-
tion will be under conditions of thermal stress.
Both Mil Handbook 217 and Mil Standard 756 say
that demonstrated MT BF must be divided by
about 6.5 for avionics applications. Therefore,
the most you can legally expect to see in the
field is a8 showu in tu2 third column, labeled
‘“‘true MTBF."”
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Fig. 14 - MIL-STD-781 ‘“Test Plans”’ (3)

If you will look at the point where specified
MTBF is 1000 hours, and come across to an
expectable true MTBF in the ficld of 99 hours,
you can see where the typical 10-to-1 disparity
between specified MTBF and field MTBF comes
from. R is built into Mil Standard 781.

However, we use specified MTBF, via the
test plans, as the primary basis for total test
time. So, if we try to increase field MTBF by
simply increasing specified MTBF, we wird up
driving total test time as shown at the right
of the slide,

Thirdly, and perhaps most importantly, is
the predeterminism inherent in Mil Standard
781. These outcomes are locked in from the
time a contract calling for 781 is signed. The
SPO cannot control test results, because total
test time and accepted MT BF are determined
by the frequency of ‘‘relevant’’ fajlures during
the test. So he cannot control program schedule,
either, to the degree that it is dependent on 781
test completion,

You can recall from Figure 1 that General
Marsh asked (question 2) whether we were
complying with 781. Being an efficient, and
therefore lazy staff type, 1 didn’t have time to
survey the Command, but our own supplement
to the Air Force reliabjlity regulation (AFR 80-
5) was indicative. As shown in Fig. 15, it
specifically requires compliance with 781 for
production avionics for manned aircraft, It
defines ‘‘munitions reliability’’as ‘‘probability
of success’’ rather than MTBF, thus neatly
excusing the munitions people., Then it added
the escape clauses listed below. ‘‘Exempts.’’
Now, if you look at the first two of these, it
gays, ‘‘Items with low production quantity (how
low not stated), or high MTBF (how high not
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stated), are excused.’”’ If you read between the
lines, you can see the word SAMSQ, This was
one of the ways that SAMSO used to opt out of
781-type reliability testing about 8 or 9 years
ago. And if you recall that missiles and satel-
lites on launch have a K factor of 80, you can

see why it is most appropriate for them to do so.
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Fig. 15 - MIL-STD-78] Compliance

At this point in the study, we felt we had an
answer for our underlying question, ‘‘What is
testing in accordance with Mil Standard 781?”’
It seemed to boil down to something like this:
‘“Take production avionics equipment for
manned aircraft, and cook it for a long time,”’
which made us wonder where all the other
testing was.

We went back to the design specifications
and, of course, as you're all well aware, those
three Mil Specs have a major paragraph
entitled, ‘‘Scope of Tests.”” It reads, ‘‘Compli-
ance with this specification requires environ-
mental testing in accordance with MIL-STD-
810, Envirenmental Test Methods."” And, lo
and behold, as shown in Fig. 16, there are all
the other stresses. The Spec for ground elec-
tronics defines its own test conditions, but the
way the other three are written makes it quite
apparent these environmental tests predate the
attachment of the reliability world, which is
grafted on by the addition of the reliability
paragraph. And there is something else here
that I think is extremely significant. There is
really no cross-referencing between these two
families of Military Standards. There is one
requirement in Mil Standard 454 that says,

*‘ For fungus testing, see Mil Standard 810,”’
but other than that, there is no cross-referen-

“cing, They are two absolutely independent sets

of Military Standards.
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Fig. 16 - Electronics Reliability: Analysis
of Directives

1 understand there’s going to be a hot and
heavy panel session on 810 later in this sympo-
sium, but Fig. 17 will give you an idea of what
1 thought when I read it. I said, ‘‘Yeah, those
look like a fair sample of the stress types, but
where is the equipment operating time?’’
Apparently, equipment operating time was not
conceived as a stress when 810 was written.
Now, since you are in the vibration area, you
know that failures caused by vibration are
heavily dependent on exposure time. That goes
for aircrews, too, A person doesn’t go deaf the
first time he rides in a B-47, but after a couple
thousand hours, the effect takes place.
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Fig. 17 - Environmer'al Testing (MIL-STD-
810)

Just to digress a little, a couple of years
ago, 1 went in for my annual physical, and
there was an old medical technician running the
audiometor check. He bet me a six-pack he
could tell me which airplane I had spent most
of my time in. Well, I couldn’t pass that up.
So he ran his audiometer check, studies the
results, and said, ‘‘That’s easy. You're a
B-47 type.”’ 1asked him how he knew, and he
replied, ‘“You’re stone deaf at 4000 Hz,”” That
was the center frequency of the J-47 engine.




I found it amazing that, in almost all instances,
the equipment is submitted to the stress while
turned off, returned to ambient conditions, and
then given a functional check or a visual inspec-
tion. This might be appropriate for stresses it
will see in storage, transport, or ground handling,
but not for the stresses it sees in its operating
environment.

810 applies most stress separately, in se-
quence, rather than in combinations. This
weakens the overall test by allowing some
fajlure mechanisms to escape undetected.
However, some of the more recent test methods,
such as the temperature-altitude-humidity com-
bination called for by Test Method 518, reflect
greater awareness of this, and are designed to
correct it.

How do 810 test results correlate to field
relfability? There is no way to iell, because
the equipment is not operated long enough to
provide failure rate data. I've seen some
studies that attempted to make such a correla-
tion, but there isn’t much basis for comparison.
When this was first briefed, some people in the
Headquarters were astonished, because they
had thought all the shake, rattle and roll testing
we¢ do somehow had something to do with reli-
ability.

Figure 18 shows the 810 test methods appli-
cable to avionics, the chamber time required
for each, and the equipment operating time,
where ‘‘spot check’’ means 15 minutes or less.
R occurred to us that this lack of sufficient
operating time was probably the specific gap
in then-current test procedures that 781 was
designed to fill. Unfortunately, 781 was wired
on the side, instead of being incorporated into
the mainstream of the program. And then it
drifted into being considered a subset of statis-
tics, as a discipline.
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Fig. 18 - Environmental Test Methods (MIL-
STD-810)

35

Now let me step out of the briefing for a
second, In my opinion, reliability is not a sub-
set of statistics. Reliability is equipment per-
formance, over time or attempts to operate,
under realistic operational stress. Perhaps I
can say it to this audience without being stoned.
It seems to be that statistics, like many other
mathematical techniques, makes a very good
servant, but a very poor master. But in the
reliability world, statistical considerations
have become the master.

Figure 19 is what our origina! staff study
wound up saying to General Marsh, and then,
at his request, to a lot of other people. Now I
would like to address the third bullet under
item one.
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Fig. 19 - Findings (1)

We have found numerous cases where a
contractor delivered more reliable equipment
than he legally had to, After this briefing came
out, one contractor representative came to my
office quite disturbed, and said, ‘‘I hear that
you’'re going around throwing rocks at the
avionics contractors.’”’ 1 said, ‘“‘Not at all, I'm
throwing rocks at the Military Standards.”” He
said, ‘‘Well, we built one of the pieces of gear in
the A-7. We delivered more reliability than we
were required to, and we knew at the time we
were doing it, and we took a financial loss in the
process.’’ .

He got his data together, and I got mine, and 1
checked it out, He was right. His company had
delivered about 2.7 times the MTBF that would
have passed all the tests. Why di1 they do it?
Future sales potential, corporate im.ge, that
sort of thing. And it did cost the company a
large number of bucks. 1 felt it shouldn’t have.

Finding number three (Fig. 20) was not
universally popular in the Command, But from
the foregoing study, we couldn’t really say any-
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thing else. Figure 2] expands on the last item
of the preceeding Figure.
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Fig. 21 - Problem

I believe the fundamental problem is institu-
tional, rather than technical. The reliability
world, as symbolized by 781, and the environ-
mental testing world, as symbolized by 810,
have been institutionally isolated within the
Command and, as it turns out, within the con-
tractors own organization and elsewhere as
well. They are separated by the Mil Specs
and Standards, by our own regulations, and
by our organizational structure. They are
appropriately separated by product type —
you have to take a different approach for
different usage environments. But perhaps
most significantly, they are separated by the
viewpoints, attitudes and terminology of the
people who inhabit these two worlds. As my
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immediate supervisor once mentioned, reli-
ability people tend to be ‘‘ethnically statisti-
cians,”’

The reliability world is basically weli
organized. We have reliab#'ity- maintainabijlity
focal point throughtout thc. Command. We do
not have a similar structure for environmental
testing.

Reliability is, like it or not, a sideline to
the main thrust of equipment development,
somewhat 28 the Chaplain is often a sideline to
a staff meeting,

Reliability is based on statistics; environ-
mental testing is based on spec compliance.

Reliability applies unrealistic test conditions;
environmental testing applies unrealistic test
procedures.

Poor correlation to field reliability, and no
correlation.

We feel it is between these two stools that
avionics reliability has presently fallen, and
that this is a major reason why we of the devel-
opment community provide the embarrassing
opportunities which keep our friend Jack Short
so dramatically employed.* Jack’s got one of
the best shows in town, as you’ve just seen and
heard. But *.om wne developers’ point-of-view,
his success is embarrassing, because he has
solved a lot of problems we should have caught
before he ever had a shot at them.

When we briefed this first phase of the study
to General Marsh, he said, ‘‘Good. Now see
what you can find out about putting these worlds
together,”” SoItried. And that became the
second phase.

The first thing I did was to say, ‘“We’ve got
to do something about those statistical test plans;
they’re driving the program managers crazy,’’
What 1 did was to come up with a new kind of
statistical test plan (Fig, 22) that cuts test time,
and controls it, without sacrificing statistical
confidence,

*Short, John E., ‘‘The Rivet Gyro Story,”’
invited paper, 45th Shock and Vibration Bulle-
tion, Vol. 1.
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7ig. 22 - Equipment Levei DT&E Program
{Proposed): Standard Test Plans

Figure 23 puts three things that are lying
around together, We test avionics perfor-
mance under room-ambient conditions. We
test reifability under conditions that capture
about 15 percent of the field fajlures. We
apply a variety of environmental stresses,
but witheust operating the equipment enough
to test cither performance or reliability.
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Fig. 23 - Equipment Level DT&E Program
(Proposed): Test Conditions and Procedures

Then any of the present, separate tests we
have combined should be cancelled to prevent
duplication.

And the more realistic, combined perfor-
mance/ reliability/environmental test should
become the backbone of equipment development
and contract compliance, both by levels of
assembly and by phases of the acquisition
process.

In Fig. 24, the stress types listed at the
upper ieft can generally be combined in the
same chamber. If you start with the tempera-
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ture/altitude/humidity chamber from Mil Stan-
dard 810, Test Method 518, you can add the
random vibrator, and in some cases, the acous-
tic horn. If you start with the typical 781
chambers, you can add all these stress types
except altitude — which has a tendency to impiode
the chamber and distress the neighborhood.
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Fig. 24 - Equipment Level DT&E Program
(Proposed): Test Conditions

The stress ievels shown are arbitrary —
just a grab for the middle of the distribution of
known avionics stresses. General Phillips
requested that, at this point, never to fail to
make the following announcement: ‘‘Those who
are not to be considered as the standard stress
levels for avionics.”’ He went on to say that
what he wants to see is something like 110 or
120 percent of the meagured level for each
stress type, for that equipment, in that location,
or the same percentage of a defendable stress
prediction. He said, and I quote, ‘‘Let’s do it
right one time, shall we?’’ If you know General
Phillips, you know that the mare slowly he
speaks and the more carefully he enunciates,
the closer he is to killing somebody. So I didn’t
think he was kidding.

In the upper right corner is the 6.5 K factor
for thermal stress. Below that is a 2.5 K factor
for random vibration. I was able to find a con-
tractor who had tested some late production
samples of equipment already in the field, under
that level of random vibration. He obtained 40
percent of his field failure rate, and he also
got 80 percent of the workmanship defects in
10 minutes — you know, cold solder joints,
loose screws backing out —~ that sort of thing.

In theory, if you were to apply thermal and
random vibration at the same time, you should
get about 55 percent of the fieid faijure rate,
which is a K factor of 1,82, In fact, I found
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another contractor who had tested some equip-
ment with a known field failure rate under that
combination of stresses, and he got 54 percent

— the 1.85 factor shown. That’s pretty close.
However, those are the only documented correla-
tions I could find for that combination of stress
types. They're not enough to hang your hat on,
but they do indicate what I'm trying to say,

Even though we’ve been ‘esting for a long
time, 1 couldn’t find K factors for the rest of
those stress types. But I did get a lot of feed-
back in the form of less than thoroughly docu-
mented information, which says the stress
combination shown should produce something
in the order of two-thirds of the field fajlure
rate for avionics. The factors in brackets
show the range of estimates I received.

The planning factors show it costs something
to go to combined stress testing. However, most
of the contractors I've talked to already have
that sort of test facilities, only they tave part
of it in one building and part of it in another.

So 1 don’t think it’s going to require us to buili
a completely new world of test chambers. We
are going to have to put together some of the
test facilities we already have. It is also going
to cost more per hour to test under combined
stress, but — from everything I can gather —
not that much more,

Figure 25 shows a profile of one way those
stresses might be assembled for an aircraft.
You'll notice, on the left ordinate, that 1 plot
temperature upside-down, with altitude on the
right ordinate. Well, that's because I'm an
airplane driver, and when you go up, it gets
cold. Ever since Icarus, that is. When he went
up, it got hot, and his wings melted off. But
since then, whenever you go up, itgets cold,

The equipment is turned on when it is heat-
soaked, to get the termal pulse. Humidity comes
in while the chamber is hot, then the chamber is
cooled and, as temperature crosses through the
ambient range, altitude starts up. Shortly
thereafter, the l.umidity can be expected to con-
dense, frost or freeze, and sublimate. That pro-
duces a whole battery nf failures you don’t get
any other way. It also produces an unbelievable
family of malfunctions that don't duplicate on
the ground. 1 spent a couple of years as an
avionics maintenance supervisor in SAC, and
that particular family of malfunctions drives a
maintenance supervisor crazy.
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Fig. 25 - Equipment Level DT&E Program
(Proposed): Test Conditions - Combined
Stress Profile

Keep the equipment operating high and cold;
keep it operating while the chamber returns to
its starting conditions, and then cycle it off and
on. This is one of 2 number of possib le profiles.

However, a very important point: random
vibration and acoustic noise — if you can get it—
should be continuous while the equipment is
operating. 1don’t know any airplanes that only
vibrate for 10 minutes per hour,

Inpit voltage should include transient spikes,
As Jack Short mentions, a large percentage of
failures are caused by voltage spikes that pass
circuit breakers, but blow transistors like
popcorn. Let’s put those in the test. Instead of
testing for a theoretical, stable, beautiful power
supply, let’s test for the real world of ditty
electrical power, as part of the reliability test.

In Fig. 26, the thermal stress is put back
together to show that thermal realism is not lost
by going to my proposal. As you’ll notice, this
profile looks more like a desert mission, while
781 looked more like half an Arctic mission,
Both may be a temperature overstress, except
for the conditions at turn-on. Maybe we should
turn the equipment on heat-soaked one time and
cold-soaked the next, with the majority of the
test somewhere between. That would be tailoring
the test to a measured stress profile.

In Fig. 27, measured vibration in the A-7
radome is overlaid with the random vibration
that the contractor used when he got 40 percent
of the field failure rate for a similar piece of
avionics, General Phillips stopped me at this
point. He said, ‘‘Colonel Swett, that vibration
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is not adequate for that piece of equipment’’, I
said, *‘Yes sir. It is only shown as an example
of frequency coverage’’. An engineer in the
back of the audience said, ‘‘I would use a lower
level of random vibration, to cover that expo-
nential slope right above where it says ‘MIL-
STD-810’, and I would add a sinosoidal to pick
off the hump at about 60 Hz’’, He started to
say something about the gunfire vibration, but
General Phillips said, ‘‘Yes, I understand how
to do it right. I'm just concerned that we are
doing it so very wrong'’.
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Fig. 26 - Equipment Level DT&E Program
(Proposed): Test Conditions - Combined
Stress Profile
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Fig. 27 - A-1/E Vibration Levels: Forward
Looking Radar

I am somewhat embarrassed to show Fig.

28 because it sounds a great deal like mother-

ke

hood. However, we don’t do those things toget-
her, anywhere in our present test programs.
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Fig. 28 - Equipment Level DT&E Program
(Proposed): Test Procedures

Let me hit the secoud bullet from the top,
It’s about time we started going to automatic
recording of equipment performance during the
test, and get out of the subjective bit of ‘“‘relevant
failures’’, ‘‘non-relevant faflures’’, ‘*independent
failures”’, ‘‘dependent failures’’, and all that,

‘* Failure®’ should mean ‘‘failure to perform
within stated limits'".

I'd also like to expand on the last three
points at the bottom of the slide. Failure-free
cycles divided by total cycles approximates
Mission Completion Success Probability — which
is the operators’ view of reliability, Operating
time over malfunctions approximates Mean Time
Between Maintenance — which is what drives the
field maintenance people. And operating time
over failures is demand on the supply system.
It really should say ‘‘supply demand’’ instead
of ‘‘logistics demand’’, which is a far broader
term. Some AFLC people thumped me over the
head for that. The point is, these are the opera-
tor’s, the maintainer's, and the supporter’s views
of hardware reliability, and we — the developers —
should be giving them the kind of data they need.

Figure 29 shows which Mil Standard 810
stresses could and could not be combined. The
test methods for avionics are listed in the order
called for, with the days required and the cost
for each, The asterisks indicate those tests that
could be subsumed by a combined stress test for
avionics. They account for about two-thirds of
the time and cost of the current 810 program,

By the way ~ and I have made this point a
number of times —, some people have tried to
save money by cancelling environmental tests,
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311§D 210 TEST METHOD

1. 502 LOW TEMP

2. 501 HIGH TEMP

3. 500 ALTITUOE

4. 504 TEMP-ALT

5. 505 TEMP SHOCK
6. 512 LEAKAGE

7. 510 SAKO & OUST
8. 513 ACCELERATION
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9. 511 EXPLOSIVE ATMOSPHERE .52
10. 516 SHOCK (OROP) . 16.50
*11. S14 VIBRATION 10.2§ 38.54
*12. 507 HumlOlITY 20. 19.08
13. 508 FunGUS 4. .50
14, 509 SALT FO6 . N
*15. 515 ACOUSTICAL NOISE . 15.60
*16. 518 TEMP-ALT-HUMIOITY 12. 48.27
*17. 519 GUNFIRE VIBRATION . 21.00
FINAL REPORT 11.25 $ 11.71

TOTAL 138 $335

¢ SUBSUMEO BY COMBINEO TEST -82 =$232

REMAINING ENVIRONMENTAL TESTS 57 $103

AFFCL-TR-71-32 (UPDATEO TO FY 74 COSTS)

Fig. 29 - Equipment Level DT&E Program
{Proposed): Environmental Tests

But I submit they didn’t save a lot of money,
because there’s not a lot there to be saved. It’s
mainly, I think, that these tests get cancelled
because they 2re viewed as a nuisance. There
just isn’t all that much money in the 810 tests,
in any program that 1 looked at.

Now, Fig. 30 is the most important one of
this study. It shows how — believe it or not —
that shock and vibration engineers should be
involved in writing reliability requirements,
You may not have seen it this way, but 1 do. I'm
recommending that we do three things for any
given avionics development program, The first
is to go to a statistical test plan. The second
is to go to combined stress test conditions. And
the third is to use the leverage provided by a
lower K factor to restate required MTBF for the
chamber test.

In this table, I started with required true
MT BF in the field, and put in the environmental
K factor to get required MTBF under test condi-
tions. Test time and number of failures are the
acceptance criteria, Total time divided by total
fajlures experienced during the test is the demon-
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strated MT BF, under those test conditions.

This must then be derated by the same environ-
mental K factor to get expected true MTBF under
field conditions, For the first time, we have both
ends of the equation on the same ground.

© ACTION SO0 TANON:

@ TEST PLAR CSTh FAILNE, 10T VT RiSxt
® LMD STRESS TEST CONDITIONS
® NUG FIELD MIF MESTATED tADT REDIED!

® LUNRL SNL LI e 1Y 1M LB L L U

SR  MEOED GAN GRS TOMORIL ME x e
PEIAT P 7T MRS b S0 WS w0e S0I6 -6 6 -6l W
WAL 7S S SRR 5907 W3 LS W) —ub
PEIMG SISS TS al5 LISSMS 590 LG S v =i
we m m BH 1wg

e MINACCEPT WTDF 1155 HRS

== 98 COMFIDENCE ACLEPTED TRUE WTDF « NEG'D FIELD MTIF
Fig. 30 - Equipment Level DT&E Program
(Proposed): Qualification Test (Example)

The top line of figures comes from the program
I have used as an example. Minimum acceptable
MTBF was 500 hours, but the requirement didn’t
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say whether this was to be in the chamber or in
the field. Howevar, equipment of this same type
now has about 35 hours MTBF in the field, and
the operators would like 50. So where did the
S00 come from? A ‘“‘rule of thumb’’. The
operators don’t know that 6.5 environmental K
factor is in there, and they don’t know that 781
Test Plan III will accept iwo-thirds of the

specified MTBF. They just know that the last
time they say equipment with a 100 hour
specified MTBF, they got about 10 hours in
the field. And that is not an uncommon field
MTBF for avionics. So now, when they want
50, they ask for 500. And the developing
command planners add 2 ‘‘times two’’ dis-
crimination ratio on top of that,

On the second line, we changed from 781
Test Plan I to the ‘‘5th Failure’’ plan I'm
proposing as a replacement. This doesn’t
change anything in the equation until we get to
the acceptance criteria. There, it reduces the
test time multiplier from 20.6 to 9.27, and
allows 5 failures instead of 16. This increases
the lowest demonstrated MT BF the test will
accept — and so expected MTBF in the field —
by about 44 percent, and maintains the same
amount of ‘*government decision risk’’ as 781
Test Plan IL

On the last line, we are going to a combined
stress package with an environmental K factor
of 1.5 instead of the present 6.5, and if you’ll
recall, a large chunk of the difference in K
factors was from adding the random vibration,
This is where you can help in the requirements
process: we need better K factors. This 1.5
factor is presently a *‘best guess’".

With a soundly documented K factor for any
given combination of stresses, one can go back
to the operating command and say, ‘"Hey buddy,
I know why you asked for 500 hours minimum
acceptable MTBF, and I know what you have in
the field now. But there’s a new ball game in
town: I'm going to use more realistic test
conditions, 8o to meet a 77 hour field require-
ment — which is more than twice what you have
now — you can ask for 115.5 instead of 500. The
number isn’t important to you, as long as you
get the reliability you need, but it makes a lot of
difference to the program manager.

It will help him deliver your equipment on
time'’, I've tried this idea on them for size, and
they say, ‘*Sure. Why not? But prove it to me
first, before I lower my requirement’’. And
that’s why I need help in documenting the K fac-
tors.
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When | take this restated requirement of
115.5 hours minimum acceptable MTBF in the
test, and run it through the new test time multi-
plier, I've got 2 90 percent reduction in qualifi-
cation test time — for no loss of statistical
confidence, and no less than a 44 percent increase
in fieldd MTBF.

Figure 31 compares test time, cost and
expected field MT BF between the ¢xample
program where everything was done strictly
according to present Mil Standards, and that
same program after incorporation of the three
recommendations of Fig. 30. Both have a
period for “test-and-correct’’ reliability growth,
a qualification test before production, all-equip-
ment burn-in and production sampling., All the
numbers shown are specific to the program
being analyzed — with 2 minimum acceptable
MTBF in the test of 500 hours or its equivalent
— but the percentages are not,

TESTTEE  TEST COST  ACCHTED
AN s, X NTN
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® PROFOSED i —1L455 A
- %.5 - 32,151 ¢ 83
- 83 [T 1} )} {» M)
@ Poction:
o MEsEn 2.9 $ 5.516 e
o PRPISED —A3 i BV - N e
- 16,0 -8 3.6R -8
(- 708 - & (s 250
J0IN: - %5 - 810,775 *29 10 3
- 8 - 150 (o W)

= DISPARITY BETMEEN SPECIFIED AND TRUE MIDF AEDUCED FROM 101 10 1:1.24

Fig. 31 - Cost-Benefit Comparison

By combining performance, environmental
and reliability testing insofar as practical at
the equipment level, we can — and there are
several very conservative assumptions in this
— expect to see something in the order of a
75 to 80 percent reduction in total test time
and cost. And it is the test time, especially the
time before the production decision, that is
really hurting the program managers. The
present 781 tests take so much time, and are so
difficult to control, that program managers have
to choose between delaying their programs or
cancelling reliability demonstration requirements
and producing unqualified equipment. And we
see this in program after program.
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The monetary saving from reduced test
time more than pays for the additional cost of
more realistic test facilities and the higher
cost-per-hour of the new test, provided we use
what we now have instead of starting over from
scratch.

As shown at the bottom of Fig. 31, these
three actions, taken together, reverse the
present between specified and field
MTBF — from 10-to-1 to not worse than 1-to-
1.24 — which was the problem that General
Marsh asked us to investigate in the first place.

And there is one other effect of combined-
stress testing, not mentioned in this briefing.
It may well be the most important effect of all.

Any contractor who knows his equipment must
pass a qualification test under combined stress
at realistic levels, and that all production units
will face a burn-in under those same conditions,
will have to design a different piece of equipment
than he would to withstand a short exposure to
810 test conditions and a reliablity qualification
under 781 conditions. This effect is real. Some
of our programs are putting these concepts into
their contracts now, and the result has been
redesign of equipment or parts of equipment. It
is this kind of attention to design that must take
place — along with ‘‘test-and-correct’’ improve-
ments — to improve the reliability and the
ownership cost of avionics equipment in the field.
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PANEL SESSIONS

MIL-STD-810C
A Panel Session

Moderator: Rudolph H. Volin, Shock and Vibration Information Center
Co-Modcrator:  Allar: Piersol, Bolt Beranek and Newman Incorporated

Panelists:

David Earls, Aisr Force Flight Dynamics Laboratory

Kenneth Herzing, Honeywell Incorporated

Joseph Gaudet, Sanders Associates

Al Tipton, Rockwell International

Peter Bouclin, Naval Weapons Center

Eugene Laboissonniere, U.S. Army Electronics Command
Robert Sevy. Air Force Flight Dynamics Laboratory

Dr. Alan Burkhard. Air Force Flight Dynamics Laboratory

Mr. Earls: Many of you have probably never seen
MIL STD-810C. so to bring you up to date we have de-
cided to show you some of the new things that are in it
that would be of interest to the Shock and Vibration
Community. The new vibration tests are principally ran-
dom but theic is 2 new sinusoidal vibration test for heli-
copter equipment. We have new random vibration tests
for equipment installed in jet aircraft. for equipment in-
stalled in extenal stores, and for assembled external stores
on helicopters. MIL-STD-810C was in pretty bad shape
as far as external stores were concerned and that was one
of the areas that we in the Flight Dynamics Laboratory
attemped to upgrade. There are also some acoustic noise
tests for external stores. the assembled external store. and
a special test for stores with cavities that are open to the
airstream. There are some stores. leaflet aispensers and
items of this type, which have cavities in them. When the
bottom opens up the acrodynamic flow across those cav-
ities causes some bad resonances. The vibration test for
external stores for helicopters is sinusoidal, it covers the
same frequency range of 5 to 500 Hz, but instead of
dwelling at the resonances of the equipment the dwell is
at the four rotor blade passage frequencies of some par-
ticular helicopter. The tests are geared for the number of

missions and acceleration versus weight during dwell. They

also vary according to the direction of vibration, longitu-
dinal, lateral, or horizontal, so that you can tailor a test
to the number of missions. One of the things that we are
trying to do, and where we have been criticized so much
in the past. is to tailor the test for the individual applica-
tion. We have felt in the past that they were too rigid
and you couldn’t tailor them for an individual application,
so we are trying to improve that. 1 think we had one
curve for cargo vibration in the original MIL-STD -810
and then we had a group of them in MIL-STD-8108,
now for general cargo logistical mode, rail. air, sea, and
truck or semi-trailer. you can choose one level, 1 1/2 g
from § to 200 Hz. and cycle sinusoidally at 84 minutes
per axis. However there may be some changes before it
is printed. Since random vibration for jet aircraft is one
of major emphasis 1 will show you the curve that is in
MIL-STD -810C and you will notice that it goes to 2000
Hz and it is a typical random vibration curve. It starts
out at fifteen Hz, then it rises at 4 dB per octave, it is
flat in the region of 300 to 1000 Hz, and it falls off to
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2000 Hz at 6 dB. You will notice that the lower level,
.04g2 [Hz, is usually generated from the runway roughness
and low frequencies and that doesn’t vary too much from
airplane to airplane; but the higher level, at Wo, does
change so you can’t just go to MIL-STD-810C and say
use this curve — you have to compute Wo before MIL—
STD-810C can be used to specify a random vibration test
for jet aircraft equipment. This is a list of definitions that
you must have to apply the vibration. Vibration comes
from two sources as far as the development of this part of
the standard is concemed. acrodynamic flow and jet en-
gine noise. For the acrodynamic flow portion you have to
know whether the external flow is smooth or turbulent,
you have to know the g of the airplane, which is the acro-
dynamic pressure at which the airplane is being flown;
usually high speed low level flight is one of the maximum
q conditions. You also have to know the number of
missions for the equipment on the airplane and you can
determine the test time for each axis. In order to predict
the take off vibration that occurs because of the engine
you must know the diameter of the engine, the velocity
of the engine exhaust, and the location with respect to
the engine including the distance and the angle with respect
to the exhaust. One aspect that we have introduced into
MIL-STD-810C is functional and endurance testing. The
item of equipment shall function according to its detailed
specifications as it should in the airplane at the functional
level; the endurance level is for long term effects to see

if the equipment would last through the life of the air-
plane. The Wo level is related to K q2. To compute the
Wo you must know the q of the airplane, either the max-
imum q or the g at high speed low level flight. For most
of our fighter bombers q is about 1200 for high spead low
level flight and that was the q that we used for establishing
our fatigure test for the aerodynamic flow induced vibra-
tion. The same thing applies to the endurance level. In
order to basically raise the level for the endurance test we
multiply Wq by (N/37T)" and this raises the functional level.
However for airplanes we woild use a q of 1200 in doing
that because that is where you accumulate the most time,
we wouldn’t use a q of 1800 to 2000. For the endurance
level we would use a q of 1200 and then the number of
missions (N) that the airplane is designed for divided by
three times the test time (T), all to the 1/4 power, and
the three means that one third of the flight time of the
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airplane will be spent at low lcvels and high speeds. We do
the same thing at 4 1'inctional level and at an endurance
level for the jet engit » noise induced vibration. The func-
tional level is related o the diameter of the engine, the
velocity of the engine exhaust, the noise level of the engine,
and the location with respect to the engine; that is for
things in the tail behind the engines principally. The en-
durance test level is similar to the acrodynamic test level
only the factor is (N, t0T)!"4. This is a random vibration
envelope for equipment installed in external stores. You
will notice again we have the W, and W, levels and you
will also notice that we have the F, and F, points, so that
the break-off points where the curve is flat are adjustable.
This is all done so that you can tailor it 10 your particular
application because we don't want to overtest, or under-
test. The W| level is .005 for the functional levels and
then you would multiply it by (N/3T) 4 for the endus-
ance level. You would just use the value of 1 in the spec-
ification for the functional level. The W, level is related
10 q divided by ttie weight density, w2, of the store and
this is § X 1073 tq/w)® (N/3T)!/4, however you would use
1 in place of that value for the functional test. F, is 10°
(T/R)%, where T is the thickness of the skin and R is the
radius and this is bascd on shell theory:. it is for round or
circular stores and that is where the resonance frequencies
occur. Fy is 1000 Hz higher than F,. The foregoing is
for equipment in the store. For the testing the whole
store they use the same formulas as were shown previously
to compute W, and W,. The only difference is the points
F, and F,. F, is the same as before but F, only goes to
100 Hz, or up to a maximum of 500 Hz. since you are
testing the entire store and it is hard to excite the upper
frequencies. The acoustic spectrum for asscmbled external
stores is based on the saine philosophy. ie.. the functional
test and the endurance test. The functional test is based
on the g at which the store will be flown, the distance
trom the front of the store, and how blunt the store is,
that is the angle beta: the blunter it is the worse the vibra-
tion condition will be near the front so that is related to
the distance from the front of the store. The q at which
store is being flown is not necessarily the « of the airplane;
the airplane might fly at a g of 1800 or 2000 bare but it
wan't Jdo it loaded with ECM pods or bombs. So it could
very well be 1200 or less for carrying assembled stores.
This is the same idca as we have in vibration tests for cx-
ternal stores. The store shall work satisfactorily at func-
tional levels, and in the endurance test it has 1o work satis-
factorily afterwards.

Mr. Herzing: | thought 1 might discuss some of our
cxpen_'c?\ccs that we have had with store programs when we
utilized MIL-STD - 810B criteria in an attempt to qualify
not only ‘he store as a system but the store cargo. Be-
cause many of the stores are multiple applications stores
we have many opportunities to test the cargos by them-
selves. When we began in the store testing business | think
it was general practice among the agencies that were re-
questing our services to specify that the stores would be
tested as cquipment installed in airplanes which is category
b in MIL--STD-810B. In utilizing these criteria the first
attempts were made to put the vibratory input in at what
would be the store/aircraft interface, normally the top of

43

the store wiere it attaches to the hooks to the bomb rack,
and 10 control the input at that point in an attempt to
force the system to respond to those types of inputs
throughout the frequency regions. Our experience in doing
that resulted in two types of failures, | guess the only two
types that you could probably expect to happen. In one
program we had a fully qualified store system that failed
its first Nlight test. The store system had been fully quali-
fied prior 10 being submitted to the customer for his initial
flight testing, and during the flight test an electronic or an
electromechanical device within the store system that con-
trolled the rate at which the cargo came out jammed. Our
second experience was with a store that could not possibly
in any way cver pass the MIL-STD- 810B sine sweep re-
quirements without having catastrophic material fzilure,
and yet the customer had on his own taken it upon hin-
self to fly many of these stores, or prototypes of these
stores, for many many missions without ever experiencing
any type of failure. This pointed out to us and to our
customers who were involved in our problem, that there
were gross deficiencies in attempting to utilize the MIL-
STD-810B equipment installed in airplanes as a qualifica-
tion criteria for external stores. Because of the effort,
primarily of these customers, we tried many devious
schemes including utilization of measured data, the com-
bining of arbitrary random test criteria from MIL-STD-
810G. but not necessarily part of that which is required by
procidure |. We even, as you will recall, had a program
where we attempted to qualify a store, and did in fact
qualify a store, using a wind tunnel as a driving source; and
last but not least we also arbitrarily combined the sinusoidal
sweep requirements of MIL-STD-810B with some other
arbitrary acoustic criteria. The whole point here is that we
knew what was correct, but we didn’t have any guidance
from the military standards. Now we are looking at a new
MIL-STD-810C. which while | am not here to sell it [ am
perfectly willing to say that it accommodates some of the
obvious discrepancies that we recognized in using MIL—
STD-810B; that is we finally have in MIL-STD-810C
some guidance in the form of a separate category for equip-
ment installed in stores, the assembled storc vibration test,
and the full scale acoustic test is an integral part of that
assembled store vibration qualification test. It also provides
us with some reference spectra which can be adjusted to
accommodate variations in the maximum captive flight
Jynamic pressures, average store weight densities, skin
thicknesses, and so forth. It also gives us a capability to
do functional testing as well as the endurance testing; one
thing that we probably overlooked in performing many of
the early qualification tests to the MIL-STD-810B criteria
was being clever enough to exercise the functional capabili-
ties of the store and dispensing system during the vibration
test program. Of course that is a difficult thing to do when
you are doing a sinusoidal sweep because you always have
1o choose the appropriate frequency at which to exercise
the function, and many of the functions, such as the cargo
ejection, only happen once. Also 1 think a very important
feature of the new criteria is that it establishes the neces-
sity for performing a full scale acoustic test along with the
vibration test and this is what we found in the cxperience
that we had in the full scale wind tunnel test of the SUU-
36 Dispenscr system. We found that there were vibratory
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responscs induced during that testing that couldn’t be in-
duced by any type of mechanical input: mechanical input
would not get through the structure and into the cargo or
to various parts of the structure that would be primanly
affected. Also finally we have the capability of doing a
separate test to simulate the captive flight and the free
flight environments, and in many of the systems. that is
an absolute necessity. Dunng the type of test that we
would perform on that kind of a system if the store is not
a free flight store there is a good possibility that that test
would be replaced by the cavity resonance test, since if
the store is captive it most likely will end up with cavities
once the cargo 1s ejected. This cavity resonance phenoinena
was in fact the mechanism that was responsible for the first
store failure that we ever experienced, the first example
that | related to you where we had a flight failure of a
store that was completely qualified to the MIL-STD-810B
cugve C test requirements. In conclusion 1 would like to
say that we are looking forward to the application of this
standard and in fact we have already applied it to two
stores systems during developmental testing. 1 can’t say
that the testing procedures have been completely debugged
since | think there are some holes in the procedures, that
we may want to discuss tonight, that will help to provide
some guidelines so that a test that is performed at our fac-
ility. at a govenment facility. or maybe another comrac-
tor’s facility will yield some sort of consistent results. 1
think during some of the discussions of the techniques we
will probably run across those deficiencies.

Mr. Bouclin. 1 would like to address my remarks to
vibration testing of external stores carried by jet aircraft.
We at the Naval Weapons Center haven't had the opportu-
nity yet to conduct the controlled vibration response tests
as described in MIL-STD -810C. 1 would like to comment
on the problems that we have had using the convcntional
single hardpoint vibration input control which is permitted
by MIL -STD--810B. Some years ago we designed and
manufactured a sophisticated. and | might add quite ex-
pensive, structure for three axis vibration of rockets, mis-
siles. and free-fall weapons. This structure using hydrostatic
bearings for cross axis restraint provided for attaching mu-
nitions to their respective launchers and bomb racks while
positioned in normal flight attitudes. During the same
time frame we also conducted captive flight vibration mea-
surement programs on some missiles and free fall weapons
systems; we were instrumenting principally in the guidance
area but we also placed instruments throughout a number
of these weapons systems.  During these test programs we
have always measured vibration at a hardpoint adjacent to
the forward bomb lug or the launcher lug in the forward
end of the missile, however input vibration is measured
analyzed data and inputting this vibration to the store at-
tachment points and attcmpting to control the response at
this focation, or any other locations along the weapons
system, resulted both in an overtest as well as an under-
test. These results suggest that the primary source of in-
put ribration to the externally carried store due to jet air-
craft carnage is not from the aircraft itself but rather due
to the turbulent boundary layer or the turbulent flow
around the storc. For this reason 1 look forward to the
MIL - STD 810C as a potential breakthrough in external
storc vibration testing. certainly controlled response testing
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requires far less in the way of capital expenditures for
test equipment.

Mr. Gaudet: Well - It was only a few weeks ago ¢l at
1 saw MIL-STD-810C and of course the fact that we have
been testing pods and the like for a number of years with
relatively decent success turned me to say what are we

doing now? We have another complicated specification that

begins to look like a cookbook and we don’t scem to get
industry inputs into these specifications. Contrary to what
Ken has mentioned. he found that they had problems in
service on some of thicir pods, we probably have done
something a little different; we did our regular qualifica-
tion tests and on top of that we did one hundred percent
“agree™ testing on our pods and we haven’t had any drastic
failures in the field. So my interest is a little different, |
am saying that we are happy with what we have right now
and 1 want to know a littie more about this MIL-STD--
810C. Are we adding more burden to the contractor? |
would certainly want to know more about how the MIL-
STD-810C specification was arrived at, what criteria were
put forth to come up with some of the limits and some of
the requirements? | talked to Dave Earls a few minutes
ago about a backup document because if any of you have
ever had to go back to some of the specifications that have
been put forth over the years, and try and find their basis
it is impossible -- you just can't find it; with a standard
this important it will be all encompassing and supposedly
the answer to all our prayers. | would like to see the gov-
ernment come out with back-up data so that we whn have
to use the specifications at least know wat we are doing,
we kind of feel left out. | also mentioned today about the
industry input and | was told that there was a distribution
of the MIL-STD-810C documents to the various military
establishments for their further distribution to the users.

but strangely enough there are a number of us on this panel

who have never seen the document so it is a questionable

thing. 1 don’t disagree that the document is probably some-

thing that has been needed. It is an area that has always
been onc of question. When we talk about the method
that they are discussing in here, supposedly it is going to
save us a lot of force pounds in our shakcr systems because
we don’t have 1o push these massive fixtures that we have
all built up ovcr the years; but 1 am one of these people
who has to bc shown a little bit before 1 spend my money
and 1 need a little more information cn the document.

Mr. Tipton: Onc of the primary responsibilities of a
prime contractor is to determine the most realistic vibra-
tion levels and test criteria to be imposed on subcontrac-
tors, and do this for cach specific weapon, missilc, or air-
craft system. For new aircraft systems this initially will
probably rely on some prediction method that the con-
tractor or the customer feels is most realistic, or perhaps

a Military Standard such as MIL-STD-810B or MIL-STD -

810C. If a current aircraft or nissile is being modified or
updatcd with new equipment, and if you have sufficient
vibration test data available the task is much easier and
realistic criteria can be specificd fairly soon. 1f the initial
criteria rclies on a military specification or some prediction
method it is probablc that some conservatism might be em-
ployed. During a typical development phase the critcria
should be refined within the cconomic constraints of your
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particular program and reflect changes in aircratt configuna-
tions and try to track changes in the structural  design also
if possible. If you have a large aircraft system with many
many subsystems, such as the B-1, it might not be econom-
ically feasible to determine the vibration level for each spe-
cific piece of equipment and therefore some form of dats
cnveloping, cither on measured flight test data or predicted
levels, would be still required. If you have a relatively
small program with only a few equipment items you can
probably economically determine the test environment for
cach specific piece of equipment. Especially these days |
feel that vibration engineers must keep in mind that the
test criteria where procu:ed equipment is specified should
be as realistic as possible — again within the frame-work of
the financial constraints of your particuiar program. It is
aleo realized that the subcontractors may feel that what
the prime contractor thinks is realistic is somewhat less
than realistic, however this effort should be made initially
in 2 program to insure product reliability. Now all Mili-
tary Standards have their good and bad points and MIL -
STD-810 is no exception. 1 feel tr¢ primary deficiency
of MIL-STD-810B was the lack of random vibration
testing for aircraft equipment and for perhaps 20 years |
think this specification has probably been outdaied in that
regard. There is no way that you can simulate in a sinu-
soidal wibration test the response of equipment to a random
input. Also the test methods of MIL-STD-810C still rely
on input vibration levels that are controlled at the shake
table. possibly for larger equipment. some kind of a re-
sponse control test might be more appropri.ate, or perhaps
a vibroscoustic approach that some missile people employ.
The random vibration test levels specified in MIL-STD-
810C relative to our B-1 requirements are a little conserva-
tive. Next | would like to make some detailed comments
on the random vibration test criteria for aircraft that ap-
pears in MIL-STD--810C. As you have seen on the slides
there are two types of environments tiiat generate the ran-
dom vibration. the engin¢ ncise and the z rodynamic noisc.
In specifying the endurance test levels the mission life and
the test time are factors. 1 feel that the curves might be
somewhat conservative for most aircraft that 1 am familiar
with: specification of endurance testing should be done by
a more dctailed mission analysis for each specific applica-
tion because they are all different, however 1 realize that
test specifications have to cover the world and some con-
servatism usually occurs when you try to specify a general
requirement like this. The K factor listed for boundary
layer vibration prediction is not too bad except that the K
factor for external surfaces with discontinuities cavities,
blade antennas specd brakes, etc. can varv widely, by at
least an order of magnitude, from the particular value that
is listed here. Also the minimum test levels specified here,
.04g? /Hz, seems a little high in my opinion. For after-
hurning engines MIL--STD--810C recommends a vibration
level four times higher than the non after-burning condition.
It seems to me that this factor 4 probably could be replaced
by more realistic parameter such as an exhaust velocity.
Also the suggested spectrum shape in MIL--STD - 810C for
both boundary layer noisc and engine noise is the same. 1
would expect considerable difference in the spectrum shape
for boundary layer noise especially separated flow around
external protuberances and some variation should be put

in the standard to cover this particular situation; the

general standard can’t cover all of these details unfortu-
nately. In closing I feel that most prime contractors
would rather conduct the analysis required to specify real-
istic vibration levels and test methods for each particular

project rather than to rely on existing or proposed general
specifications.

Ms. Laboissonniere: | seem to be the only one on the
panel representing the Army on ground equipment but |
will give it 2 go anyway. As you well know MIL-STD-
8100 is presently in the stage of triservice coordination.
Just recently the Army compieted its coordination for its
various commands and submitted their recommended re-
visions. This evening | would like to discuss what effects
the requirements in the shock and vibration area would
have on the qualification of ground equipment for the
Army as it is presently written. Perhaps the greatest chal-
lenge proposed by the new standard is the overiesting im-
posed by the 84 minutes of sinusoidal vibration testing in
cach plane on Army ground electro..ic equipment. Ad-
mittedly the old resonance search test with no resonances
greater that twice the input was extremely controversial
namely because different test engineers found different
resonances, and different model- Jf the same cquipment
exhitited different resonances. But this was not a test to
accept or reject the equipment. The real test to accept or
reject the equipment was the vehicle bounce test. Exper-
ience showed that if resonances in the range of 10 to 55
Hz could be reduced below twice the input on critical
components you would have reasonable assurance of meet-
ing procedure 1X part 2, the vehicular bounce test. This
test method was used primarily by the ECOM at Fort
Monmouth. It was developed to simulate ground equip-
ment destined to be cither hard mounted or shock mounted
in a military vehicle. The item under test mounted on a
vehicular adapter plate, simulating a vehicular bed or
mount, provided a structure to which repetitive shocks,
controlled to provide a maximum 10 g level, wcre im-
pacted on the test item. As you well know although it is
difficult to define the ground environment, the vehicular
ground environment is repetitive shock oriented rather than
sinusoidal ; however, because the repeatability of procedure
IX from test facility to test facility was guestionable the
Army Commands at a special Army specification meeting
chose to delete this procedure for new procurements and
replace it with a TECOM proposed sinusoidal vibration
test in spite of the tact that we know that the ground en-
vironment is shock oriented. We feel that the sinusoidal
vibration test as proposed is more severe than the package
test because it permits components at resonance to reach
a greater amplitude. and this may cause many more fail-
ures because of the greater stress. The vehicular adapter
plate test is essentially a random shock test which excites
component resonant frequencies, but due to the nature of
the test, does not allow the component resonant frequen-
cies to reach their maximum displacement. It is probably
a more realistic test for wheeled vehicles because of the
random nature of the ground or road environment. Re-
sults over the years in the field environment has proven
the acceptability of the package tester to test items des-
tined for the field environment. In fact the 10 g maxi-
mum level was considered to be overl’ severe, and propos-
als had been made to reduce this level based on internal
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testing at ECOM. But let us get back to the new vibration
tests and how they will affect the qualification of ground
equipment for the Army. Really, they are not new vibra-
tion tests, but they are new to ECOM. Most electronic
equipments installed in ground vehicles, equipment cate-
gory f, are shock mounted. In accordance with test pro-
cedure VIl for equipment installed in ground vehicles, we
will now have to vibrate our equipment for a minimum of
3 hours at a sweep time of cither 15 minutes at 5 t¢ 500
to 5 Hz per axis, or for 12 minutes from $ to 20C to §

Hz per axis depending on the vehicle in which the equip-
ment is installed. The past philosophy was to eliminate

all resonant frequencies on critical components below 55
Hz in the design of our equipment, in this manner the
shock mounting system attenuated the inputs above 55 Hz.
We still believe that we nced not vibrate ground equipment
above 200 Hz, and this applies to equipment installed in
wheeled or tracked vehicles. Testing above 200 Hz is over-
testing in the sense that the amplitudes are so small and
don’t represent damaging potentials, and the time and ef-
fort performing this type of test is very costly. With re-
spect to the transportation of cargo equipment, category

f. MIL-STD- 810C specifics procedure X sor equipment
transported as secure cargo and procedure X1 for equip-
ment transported as loose cargo. It has been the experi-
ence at ECOM that the loose cargo test is more severe than
thie velucalar adapter tost, also it has beea our philusophiy
to test to the more severe environment when an item Tight
be subjected to two separate simiiar environments; it is also
ot Upimioni Hiat eyaipment tramspoiTed 48 scare Cago i
normally packaged for shipment by the packaging specifica-
tions. If the equipment is subjected to procedure X in this
configuration you arc again overtesting, since frequencies
over 50 Hz are attenuated by the packaging material. If
it is the intent to remove the equipment from its packaging
and submit it to this test tlien we are wasting 2 lot of
time. effort, and money, packaging material for shipment
as secure cargo. If it is a requirement for equipment to be
hard mounted in a2 wheeled or tracked vehicle, then pro-
cedure VIII should be applied. The Army has the added
problem of man packed equipment. This equipment must
be able to withstand vibrations normally induced during
combat transportation and as loose cargo. These equip-
ments are therefore subjected to procedure X1 which is the
loose cargo test. Now the problem becomes do we subject
the same item to both the four hour plus sinusoidal vibra-
tion test and also the three hour loose cargo test? It is our
opinion that only the loose cargo test should be run as it
iy mote repdesentative ol the fel! ealroament Ancther
area where a MIL--STD- 810C qualification test determines
the acceptability of ground equipment is in the transient
drop test. Admittedly the 26 drops from 48 inches were
7ol ‘2 rensongtie disign reqliremeinl The mow muomimend:
ed test for man packed and man portable equipments under
100 pounds, is to drop one test item on each face and
comer for a total of 14 drops, and the second test item on
each edge for a total of 12 drops. This is probably more
realistic but in the R & D phase it means that we have to
buy two separate equipments and this could be extremely
costly. It appears that a test should be developed for the
case where only one test item is available. I would be re-
miss if | didn't mention the problems imposed by MIL-
STD-810C on equipment installed in helicopters,
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equipment category ¢c. We do not agree with the vibration
test for equipment mounted in helicopters as defined by
Tables S14.2-1H1A, -11IB, and -11IC, and Figuse S14, 2-3;
this test calls for a 2 acceleration for equipment installed
in locations other than equipment compartments, engine
compartments, and tail rotor sections. We have vibration
data indicating greater than 2 g vibration in the cockpit
area of helicopters. In addition this vibration test calls for
dwelling at the predominant helicopter blade passage fre-
quencies rather than at the equipment’s resonant frequen-
cies. This type of vibration test is not suited for the
Army’s requirements since most of the Army ‘s avionic type
equipments are destined for use for all, or almost all, of
the Army's helicopters and also several fixed wing aircraft.
By vibrating at the predominant helicopter blade passage
frequencies and not at its equipment resonances, we are
in effect designing and testing the equipment for one par-
ticular helicopter. Table 514.2-11IC lists a total of 12 dif-
ferent predominant frequencies for five Army helicopters. |
If a piece of avionics equipment is intended for use in each
of these helicopters then it would have to be vibrated at
12 separate frequencies, and that is not the end of the
problem created by this type of testing. Several standard
army helicopters are not listed in the table and these in-
clude the CH-54, the OH-13, the OH-23, and the TH-SS.
In addition the table does not include the UTAS, the AAH,
and Qe HLH, which are presently i a develuprieat stage,
and also the advance scout helicopter, which is also pres-
ently in the planning stage. Since the predominant frequen-
<ies O ‘these Tieticopters are in most &ases fiot yet falfy o
tablished it becomes obvious that this type of vibration
testing is most certainly not suited to the Army’s needs.
The Army had recommended in its comments of MIL—
STD-810C that the above paragraphs for equipment in-
stalled in helicopters be deleted. A new table has been
recommended and submitted with Army comments. These
recommended changes will be discussed at a future coordi-
nation meeting of MIL-STD—-810C. I hope I haven’t left
the impression that I dislike MIL-STD-810C; it is a test
document and it is a good one. its main problem is that

it is greatly misunderstood by both government personnel
and contractors. I believe that in the shock and vibration
arca for ground equipment we are making too drastic a
change for procedures I, VIII, X, and XI and we have not
spent enough time or effort to really investigate these tests
which affect each other’s equipment. Our goal should be
to simplify and reduce the number of tests rather than in-
troduce more tests. Continued coordination with the
goverment g with industry i necessary 1o whiese this
goal.

Mr. Picrsol: | would like to start by noting that it is
emsy 10 oriitine wy spelilitasion ond ihis one & no ERLT]s
tion, but on balance I think. I would like to associate my-
self with the comments of Pete, Al, and Ken, that it is a
vast improvement over MIL-STD-810B. With that said |
would like to note a couple of things that have come to
my attention. | myself have only recently seen this stand-
ard. I have been going through a few interesting exercises
that 1 am sure other people will do. One of them deals
with the comparison between aircraft levels and the stores
levels and that seemed like an interesting thing to try. |
assumed an F4 carrying a Sparrow Missile, and a value of

S
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max q amd then calculated the vibration test levels. Dave
Farls made a comment carier. which confused me a little
bit, that you don’t necessarily use max q - you use a
common q. either way we get interesting results. I'm not
sure of the cockpit levels in an F4. | know something
about the Sparrow Missile vibration levels. | am a little
surprised that the aircraft cockpit is 8 times shakier than
the Sparrow Missile. | appreciate the fact that the Spar-
row Missile has a much higher weight density. but | also
appreciate the fact that the cockpit is in an area generally
where the boundary layer is a bit smoother, so perhaps
souncbody could comment on this. It finst suggests that
perhaps the aircraft levels are 2 bit conservative, or the
stores levels are 2 bit unconservative. or maybe a little of
both. | will note taat | did check the stores levels against
some measured data on the Sparrow Missile and | found
that MIL-STD-810C in terms of the overall level would
have predicted about 3.1 g’s for the Sparrow Missile in a
single mount position at a q of 1000 and actual measured
levels at five critical component locations were 1.8, 1.8,
1.7. 4.7, and 3.2 g's. so the agreement is not too bad. 1
actually got overall g levels at two positions higher than
ihe specitication and remembering that the specification
is smooth, that means that at some spectral location 1 ex-
ceeded the specifications by a substantial amount. But at
least it scems unlikely that anyone will argue that the
specification is too conservative. There are a couple ot
things that might be disturbing and ! am surpnsed that
they weren’t mentioned. That is | am sure that one can
vckitrier: and (f wery licby sill hapges in prsctice flis

< e -

with all of these scaling rules someone will end up with a
combination of weight density and q and so forth which
will call for a vibration test level of 386 g2 /Hz or some-
thing like that. It would secem that in a specification of
this type where that many scaling rules are involved it
might have been wise to place specific upper and lower
bounds on the levels saying that if your predicted levels
exceed these bounds maybe you had better ignore the
equation and just stick with the bounds. | note that in
certain areas it did that and | think that might be worth-
while. No one discussed the connecting rod approach; |
thought they would. That is given as an option and |
wanted to note that there is some experience with that at
Wright Field, and there is also some more experience at
Point Mugu, both of which have generally been very suc-
cessful. It saves a tremendous amount of time and money
and when it works it scems to work amazingly well. There
arc cases however where it will not work, and we have run
into cases of stores where it is not very effective, so it
means that there will have to be some caution in the use
of that approach. An obvious complaint that can arise in
the overall store test is that two different contractors will
be able to perform the tests and obtain different results
since there is no specific guidance on where the control
accelerometers are ounted for response control testing.
That could certainly raisc some objections, however the
idea of going to response control tests, as 1 think every-
body up here agrees. is certainly very wise as compared to
the previous testing procedures.

DISCUSSION

Pror to the discussion Dr. Burkhard and Mr. Sevy joined
the panel.

M. Hancodk LTV Adtospace . T undisiand (hal
Mecthod 519.2 1s being revised again and is not as publish-
ed in the MIL STD -810C copy that is presently bheing
circulated. s that correct”?

Mr. Sevy. No. Method 519 will follow on tue term-
ination of the completion of MIL. STD 810C as a coor-
Singted docunrent a0 we e hrolding ol on

Mr. Hancock. Will we agree anymore on the second
revision? The basic area of disagreement is that we be-
e Wisl Toone Siseiels ool Wt sur mldwrnl Gn -
fire than the present method indicates.

Mr. Sevy: Yes. We are set right now at the funda-
mental, first, second, third. and fourth harmonic. s that
what you are talking about?

Mr. Hancock: Yes, and we would like to see about
PR emonics

Mr. Sevy: You would like to see ten harmonics?
That takes you up above 500 Hz and beyond. As you
know we are substituting an acoustic test for the higher
Lamiomes. That & e reason Tor e saperposition of
the four harmonics over the noise spectrum, and since the
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noise spectrum is continuous it will cover those ten har-
monics.

Mi. Naicods. UK 1 05 a Tung argument. ¥ guess
1 can refer back to our paper in the 40th Shock and Vi-
bration Bulletin on gunfire simulation techniques as still
being our preference. In regard to both vibration and
acoustic testing of siores, we have looked at one store
configuration on the ATA which was quite clean and the
prediction methods currently existing yielded vibration
tovek approninaitedly ter dioes Hluse Phat wese wevll
measured. It was a low density large store which was just
the opposite of what Allan Piersol said a few minutes ago.

Wy Bodidiond - i Susnd el e dereity. of s
stores hecomes very low since they may have a lot of
open area or light package matenal, such as in a dispenser
where you have leaflets or something like that. The cni-
tena are slightly conservative in that regard and we are
currently looking at an in-house program to identify what
we can do to the criteria to upgrade the area of low den-
sities. The current prediction criteria are for fairly uni-
fivem sores amid © bhind iBeawirion in the esupe of 20 19
150 pounds per cubic foot. When you are above or below
that range the criteria fall off.

Mr. Hancock: It scemed to us that maybe the K
fectors it e Saanped Stigaly. T was & thoogh W
present method always assumes a scparation on the aft




end of the store and doesn’t give proper leeway for the de-
sign of a store to avoid separation. Now | realize that in
some flight profiles a stight separation will occur. I: that
true? Did you assume separation predominantly?

Mr. Burkhard: In the aft end of the store you have

-separated flow or base pressure fluctuations, and these are

reflected in the criteria by shifting the factor A which pre-
dicts the roll off rate at the high end: it will shift down-
wards and give you more low frequency requirements on
the environment than would normally be there if you
didn’t have separated flow.

Mr. Hancock: 1 guess that the level that will be pre-
dicted with the present method would be ~ore appropri-
ate to a scparated level than to a elean attached boundary
layer level.

Mr. Burkhard: That is probably true because most
stores in the aft end are reentrant in nature — you have
the starnt of separated flow or they are truncated like the
end of a missile.

Mr. Hancock: In the event that we can show that no
scparation should occur do we have leeway to reduce those
levels?

Mr. Burkhard: 1t would certainly be reduced if you
didn’t have scparated flow hecause of the reduced amount
of excitation or turhulence induced into the boundary
layer. *.hich is a different situation than was used to set
up the critenia. The eriteria were based upon conventional
types of aerodynamic shapes and structures.

Mr. Hancock: There is a paragraph at the front of
MIL-STD-810 which allows suhmission of alternate test
methods if data can be used to suhstantiate it. is it still
there? One other comment on the acroacoustic store test-
ing. 1 think it would make sense to test a store in a pro-
gressive wave tuhe rather than in a reverberant chamber. 1
¢an’t quite read that permission into the present MIL -
37-v-810C.

Mr. Burkhard: What condition you would want to do
that for?

Mr. Hancock: Acroacoustic loading or jet noise.

Mr. Burkhard: No. It is currently set up for a re-
verberant chamber. There would have to he somme adjust-
ment in the levels themselves to account tor the difference
in environmaent that you would use to simulate the flight
environment, and the current criteria are reverberant cri-
teria. There would have to be some adjustment and |
wouldn't know what that would be.

Mr._Mancock: When we suhmit a test plan for a store
would you consider a progressive wave test?

Mr. Burkhard: 1 would refer that to the acoustics ex-
perts in terms of what the required deviation would be or
the variation from the current reverlerant criteria. 1 dor’t
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know whether your submission would be up or down in
terms of response.

Mr. Senn (Test and Evaluation Command): Mr.
Laboissonniere mentioned that he had some reservations
on procedure VIII. As | remember the original proposal
was oruposed by ECOM, it was massaged TECOM, and it
went back: after going over it we agreed or it and the
proposal that is going in now was resolved supposedly at
the Army meeting in July. Do ycu repudiate that at this
time?

Mr. Laboissonniere: | am not saying that we are
going to drop this and we are going to change. 1 am going
to have to live with this requirement of the 200 Hz. We
are putting it in our specifications right now, | feel that we
are going to have problems in meeting some of these things,
and that is why | brought it up. [ didn’t say that we were
taking it out. We have not had enough time to subject
some of our ECOM equipment to this test; Mr. Biamonte
had never done it to my knowledge. 1 started to subject
one picce of man packed equipment that is vehicular
mounted with shock mounts. | was able to get through
one 3 hour cycle and 1 found out that my shock mounts
failed and my =quipment failed. 1 didn’t have another
piece of equipment that 1 could use to run some more
tests so that sort of stopped me right there. But we are
going to have to live with this and we will probably have
to do morc design work; we will probably have to have
heavier equipment because we will have to stiffen com-
ponents which we never did before, and | have a feeling
that it will cost us more money. But it is in MIJ -STD-
810 and we are not recommending that it be taken ow,

Mr. Senn: 300 Hz is the upper frequency for
vibration tests of equipment mounted in tracked vehicles;
in wheeled vehicles it is 200 lz.  You mentioned that you
considered S00 Mz an overtest because when it gets up to
500 1z it doesn’t see anything since it is all damped out
anyway.

Mr._Laboissopniere: This is hecause we feel that if it

is on shock mounts they will attenuate inputs at that
frequency.

Mi. Senn: Well then, you say that it really doesn’t
do anything when you get above 200 Hz, therefore it is a
useless test and it is a waste of time.

Mr._Laboissonnjere: Yes.
Mz Senn: 1tis not an overtest then?

Mr. Laboissonuicre: To the point that it will cost

more time and effort to run the test it is an overtest.

Mr, Senn: An overtest is where you test something
to a more severe condition.  You also mentioned that you
consider the hounce test to he the most suitahle test for
cleetronic equipment and that you have arrived at this
conclusion after a numher of in-house tests and different
data. Can you provide us with the reports hacking up

Hoacme.
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that statemeni?
Mr. Laboissonniere: Yes.

Mr. Senn: On the helicopter test that is in the version
of MIL-STD-810C that was distributed for comments, we
withdrew that, and at the meeting in July an altemate pro-
posal was made which I thought was rejected but ended up
in the essential Army comments. Now do you agree with
that?

Mr._ Laboissonniere: Yes, we agree with the new test.
1 have seen the Army‘s comment, | have been over it with
the other people, and they have agreed to it.

Mr_Senn: Yes, that is the one we proposed.

Mr. Laboissonniere: The only reason | brought out
the other is we have so much testing that we have to do
for all of these resonance frequencies and for all of these
helicopters.

Mr. Senn: That is true and this is one of the reasons
that we made our counter proposal, because we did not
include all of the helicopters. For example. the UH-1 inel-
icopter’s rotor blade passage frequencies are 11, 22, 33,
and 44 Hz. When you take intc consideration the varia-
tions that you get from pilots. from equipment, and be-
tween helicopters, you will run from a few percent above
to 10 percent below; then the blade passage frequencies
ot another helicopter are a multiple of 12 Hz, and still
another one has blade passage frequencies in 32 Hz multi-
ples. If you put all of these together and try to hit each
one you would end up virtually covering the entire fre-
quency range so you might as well sweep and be done
with it.  You agree with procedure X and procedure XI.
the loose cargo test, because it is very much like procedure
1X?

Mr. Laboissonniere: Yes. Procedure 1X. that was
the vehicular bounce test that was taken out. We are still
sticking with the loose cargo test. Our problem is are we
going to run both the sinusoidal vibration and the loose
cargo tests? | believe you have a choice: we would run the
loose cargo test.

Mr. Senn. The object of a test of equipment for the
Army 1s to test it as close as possible to the manner in
which it is used in the field. If a piece of equipment is
soldier carried and is thrown into the back end ol a truck
or into a trailer then it should be tested in that way, and
that 1s a loose cargo test. If it is something that is not
carried in that way but is mounted as sccured cargo then
it should be tested that way. The determination as to how
it is tested depends on how it is used.

M. _Bowser (Acronautical Systems Division). Recently

the flight control community was given some vibration
level requirements for a flight control cosi.puter in one of
our projects, the Light Weight Fighter. The proposed spec-
tral density levels were stated at one point end the com-
munity got rather upset and put up quite a fight to lower
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the requirements and they won; they were using the MIL -
STD-810C requirement 514.2-1A . Has there been any
thought about such a sharp decrease in the vibration levels
that were actually encountered? Have you considered the
depth of the skin or the equipment?

Mz _Eads: 1am not too familiar with that. Could
you tell me where it was located?

Mr. Bowser: This was up in the forward area of the
airplane. 1 guess that is zone one.

Mr. Earls: How many measurements did you have?

Mr. Bowser: 1 can't give you the exact number of
measurements but there was a pretty sharp decrease.

Mr. Ears: | will give you one explanation that |
think may be true without knowing the details of the prob-
lem. When we developed the MIL-STD-810C criteria we
examined many pickups at many locations in many differ-
ent airplanes; and so we took third octaves and averages
of perhaps 18 of them, and we got the standard deviation
and twice the standard deviation, and by the time you go
through this you will fill in all of the gaps in the spectrum.
One will peak at one frequency, one will peak at another
frequency. and that is how you end up with this curve we
have here, because by using many data points you will
have many frequencies at different places. So you end up
with a curve which would be applicable and you could use
this equipment and cover 95% of the data within any of
these types of airplanes. When you look at one or two in-
dividual pickups, or one location or two or three locations,
within a very limited amount of data. it is very easy to be
quite a bit different from the way the criteria developed.
We can say from our criteria that the vibration will not be
exceeded in perhaps 95% of the cases in many different
airplanes: you look at one pickup or one location and you
can look at the overall levels and say that they are way
down. It is only peaking at this particular place while
your spectrum has it all the way across. Those are the
reasons it happens.

Mr. Wilkus (Aeronautical Systems Division): If |
might add to Dave's comments; this is the Flight Control
Computer of the F-16 that you are referring to, is that
correct?

Mp Bowscr: Yes.

Mr, Wilkus: The specification as it is now does not
account for a number of important variables which should
be accounted for in the future, and which we are looking
into now. One of them, for example, is that part of the
flight control computer is actually secondary structure.
One goes through the skin, through the bulkhead, and up
to a secondary truss or beam for one end of the box. The
other box takes off with some brackets from the bulkhead;
so one goes from the skin through a bulkhead, through a
bracket, and then into the box at the other end. It has
been my observation that there are substantial losses in
transit and situations like that, and this specification does
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not allow for that type of structural detail. We had hoped,
in new specifications, to try to accomplish some of this
largely through some distance parameter from the skin and
that it would help to reduce those levels scmewhat. | re-
call that that particular vibratior: level ran at fairly high
Mach numbers znd there is not a correction in the ampli-
tude levels to account for fairly high Mach numbers on the
order of 1.6 to 1.8; I think that correction would also help
to bring it closer into agreement with the actual measured
data. But we don't have a provision for it now and we
will have to wait for it in the future modification.

Mr. Kana (Southwest Research institute): First, let
me say that | was one of the individuals here that did not

see MIL-STD-810C before tonight 30 1 particularly ap-
preciated your preview of some of the changes in the
standard. | would like to talk for a moment about the
basic philosophy behind this standard as well as the one
that was in MIL-STD-810B and in the others, a moment
2o soreone here alluded to the more or less “crutch
clause”™ that appeared in the first page of the document,
and of course it reminded us if for some circumstances it
appeared that the standard is 100 severe or even under
severe, then we are more or less obligated to look at field
data and arrive at a specification that we feel is more ap-
propriate. Personally, from my own experience that

is certainly a reasonable approach and that is the approach
that ought to be followed, however, quite often in the
application of this standard that is not the approach that
is followed. In particular there will be people at various
levels in an organization that are not really familiar with
the details of the standard and they feel that in not being
familiar, the only safe road to follow is to stick strictly to
the standard. Would it be appropriate to have a little bit
more claboration on this paragraph in MIL-STD-810C so
that we could follow what | have calied a little bit more
reasonable approach?

Mr. Earls: There are many variations in using the
standard, such as when prime contractors bid on a new
weapons system they can usually have the p~rogative
during bidding of predicting the environment. 1 think the
hang up is where is this rule to be applied? Who can do
this? Is it the subcontractor, the prime contractor, or the
Air Force? As far as the Air Force is concerned 1 look at
this document as a place to go to get your test require-
ments when you first start writing your specifications;
when you have better information about particuler loca-
tions, great, you use it. You should do this because we
can't, in MIL-STD-810C, forecast all of the data for
everything you are going to build for the Air Force. |
think it is applied in the Air Force according to major
weapons sytems and it is probably a little more difficult
when you get into the GFE areas, and | think that is
mainly becuase of the lack of environmental engincering
personnel who are able to make the judgments. We be-
come involved where there are wrong judgments made be-
cause in applying it acvoss the board we hope it is more
realistic now; we are working toward that goal so that you
won't make as bad rristakes as you have before becsuse we
are trying to tailor the vibration tests to the individual ap-
olication just as much as we can. But there is still that
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perogative, it just depends at what level it is applied, and
maybe you are at a level where it is pretty difficult to
apply. It is hard to talk to a program manuger when he
has something in a contract if he doesn’t have anybody to
go to who knows the vibration business; there are people
at the Wright-Patterson Air Force Base he can call on, and
in general they are finding out who they are, but there are
probably other procurements where they don’t know who
to call. We are in the process of duilding up that expertise
in those types of people who can be called on to help you
tailor your test, and especially if the specification doesn’t
cover your application.

Mr. Tipton: As | have said before prime contractors
umaﬂm{w there own test criteria, and test levels.
Normal procedures are to get together with the Air Force
counterparts and mutually agree on good levels and criteria
to be used. As with MIL-STD—-810B, and still with MIL-
STD-810C, it specifically states that a curve shall be se-
lected from the tables and figures or by performing a de-
tailed analysis of the expected vibration environment within
a particular vehicle; it has been my experience that most
do that at the prime contractor level.

Mr. Kana: Let me make one more comment on that
and then let me pose a hypothetical situation, and actuslly
it is not so hypothetical, because 1 have been through it
and | would tend to guess that many people in the audi-
ence, and perhaps some of you on the panel, have had the
same experience. In many cases when we receive a piece
of electronic hardweare for a vibration test the people at
our organization bring it to us when they are well behind
schedule to start with and in addition they don’t know
very much about vibration. Very little consideration has
been given to the vibration up to that point; maybe when
the specification has been typed for their review a mis-type
has been made in the specification and someone doesn't
even realize that until it is brought down to us. So we
look at this and we begin to realize that there will be an
overtest or an undertest, we point this out to them and
they begin to feel very uneasy because they have this secu-
rity blanket that they are falling under and you have pulled
it out from under them. This is the situation that 1 am
alluding to and it has happened any number of times in
the past, and | fee] that down at this level is where the
real intent of the specification has broken down; therefore
if some elaboration again in pointing out the philosophy of
the specification, or if some clarification could be made of
this, it would make the whole process much easier and in
many «ases it would save considerable amounts of money.

Mr_Piersol: Are you talking as a prime contractor?
Isn't the prime contractor the one to go to with a problem
of this type?

Mr. Kang: You are probably right in that but 1
am saying that in our case we are doing the test for another
part of our organization which might be in the electronics
group. Now the electronics group is behing schedule, they
don't want to get involved with problems of this type, and
therefore all they want to do is run the test and get it over
with. Even if you have to give them the parts back in a
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bushel basket then everybody is unhappy.

Mr. Volin:  This is not an uncommon case and it hap-
pens frequently because of the poor planning in the pro-
gram.

Mr. Cline (Aberdeen Proving Ground): Carrying on
with what Dr. Kana has said there are people who are con-
cemed with perhaps a helicopter specification that was
proposed. They are concemed because the Huey has four
blade passage frequencies of 11, 22, 33, and 44 F»_ other
helicopters may have some other number, and they look at
all of the frequencies that they have to dwell at. | sat here
a couple of hours this afternoon in a session that says do
we test or do we analyze? There is nothing in this world
that says you can’t determine the dynamic behavior of
your specimen and see how it will apply to these various
helicopters. | think that what we are trying to do is make
MIL-STD-810C 100 rigid. not 1¢ allow any flexibility in
appiyng The Test schiedule. T has o Be Goiie. Whio does
it? Well the one that is responsible. There has to be some-
body in the military, or somebody has to make these de-
cisions. We have to bite the bullet and do it

Mr. Curtis (Hughes Aircraft Company ). To follow on
Dr. Kana's comment about the *“‘escape clause™. which |
suspect i the one paragraph of the standard that is never
fulfilled. 1 think there is another situation where one
should be able to take advantage of that paragraph and yet
if you do you are a dirty guy. If one is answering an RFP
that calls out requirements in accordance with MIL-STD
810 then that should include that paragraph; so if you can
arnve at alternate requirements this is looked upon as being
unresponsive, and so you suggest this to the propossl man-
ager and he says 1 am not go:ng to be unresponsive, So
the end response 1s that you don’t have the opportunity
to take advantage of that clause.

Mr. lerzing: 1 agree with what you say and 1 think
that this is a very real situation, we tned to circumvent it
but we weren't suceesstul. We attempted to de something
that the government has done with air and water pollution.
that is to propose an cnvironmental definition study as
part of the contract and to establish applicable environ-
mental criteria as one of the first phases along with some
of the parallel design efforts, und that wasn't only for the
dynamic arca. 1 had the same expenence that you had in
attempting to do that but | wanted to throw it out be-
Cause 11y RINd of analapous 0 The enaroimenal Gipac
statement requirements for power plants and the like.

My Picrsol. | think that it should be noted however
that apparently it can be done. If | am not mistaken on
the B-1 all the requiremenis were pretty well developed
eiterde el speclicaiom o H{ fees Seowe

Mr. Rothaug (Dayton T. Brown In¢.): Let me bnng
il d Jidthe il Tepent agiect of this from the test lab fioint
of view. | understand that the procedures for externally
suspended stores are loosely written on purpose so that
ooy cwnt P iraletpiihoa] o Billese @ wans Fow onsomle
the store can be suspended in various ways and vibration

can be applied at any location that is suitable for your
purpose, cither in the center, in one end, or somewhere in
between. You are looking for resonant responses and when
you find resonances you have to match their response to
the curve that is specified and calculated. In between
these resonant points you can put in zero; there is no spec-
ified input in between these sesonant conditions so that
you can take advantage of that situation and first put your
input into the place that will do you the least harm, and
second put in nothing else at any other frequency. This
certainly has disadvantages from our point of view, for one
if 1 do a test, or if someone else does a test, there could
be two completely different sets of results; second most of
the ume | work with subcontractors rather than some gov-
emment agency. and | could get considerable pressure, |
am not saying that | would bend to this pressure, but 1
could get considerable pressure 1o perform this test in a
way that would be most advantageous to this subcontrac-
tor. And there are other problems also such as DCAS
would Hke o writion psRwdull sc Tllﬂ Kaow ﬂn\.ﬂy what
is going on where it is loosely stated; this could be a prob-
fem in delaying the test program until everyone is in agree-
ment.

Mr. Bouclin: I have to agree with what you are saying.
1 think you are exactly right. As | pointed out earlier we
have not yet attempted to do this point control, or con-
trolled response vibration testing. When we do 1t, we wiil
be doing it in somewhat of an experimental fashion. We
will have 10 learn about this ourselves and | think then we
would be able to have some comments that probably would
be helpful: but at the moment | can do nothing but agree
with you.

Mr. Herzing: | have scen a number of requests to do
testing in similar manner as called for in MIL-STD-810C
and | have never considered it experimental. When | have
to respond to a quotation and tell them how much it will
cost | have to define my methods pretty closely and it is
a problem to us to have a specification like that that is
not fully defined.

Mr. Burkhard: One of the intents in that standard is
to try to use as much of tie information that is available
from structural response tests of the store, or extensive mea-
surements taken in field usage on other stores, and try to
obtain that same type of behavior in the test laboratory.
The shdkor stuac Tost as by pugposed bs puitly a low Tiee
quency test procedure. It is meant to be used in conjunc-
tion with a higher frequency vibroacoustic or acoustic test
procedure to cover the complete frequency spectrum,
Therefore the shaker test is set up to work out or to excite
the low frequency beam type modes that occur in any type
of & Wiove whivh meadonrinemily oeeur i inkeol sl
rolling. or passage through turbulent air during the ight
profile. So you try 10 identify these types of frequencies
in the initial search for resonant [reaks. realizing under the
assumption that the most significant damage that occurs
in this frequency regime occurs in those bands around
thoce fiak regionee frefuencies that refiresent heam or
large deflection type behavior of the pod.
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Mr. Rothaug: Dr. Burkhard, | agree with your philos-
ophy but Tstill would like to see scmething written to
further define the methods. | have seen a lot of flight data
that shows frequencies up to and bevond SK Hz, this test
only goes, even with the acoustic test, to 2K Hz. s there
any reason why it is cut off at that point?

Mr. Burkhasd: The specification does say that when
you normally run a facility of this sort there are other
higher harmonics. up to 5K, 10K and above, in the chamber,
but the requirement is only in the same regime over which
the equipment is previously required to operate, which is
up to 2000 Hz. | think the Navy has had some experience
where some equipment is sensitive to higher frequencies
than 2000 Hz, and by using the acoustic test you can ex-
cite those higher freg:iencies in your store hecause the
acoustic environment is there as opposed to using just a
mechanical shaker test to excite those frequencies.

Mr. Curtis: We have had a lot of experience running
response control tests and these have been done not cnly
on external stores, but there are good technical reasons for
Sy Iher o) oy pece O duaipmerd whh e oF aall-
cient mass and bulk and perhaps with well separated at-
tachment points, that you should try to take account of
the loading of the supporting structure; this was the orig-
inal reason that we proposed this type of test. | would
like to strongly suggest along the lines of Mr. Rothaug that
a minimum input spectnun rather than a very loosely de-
fined, if at all defined, requirement outside of a resonant
peak should be included in this method so that you would
know how to run the test. | also know as a contractor
that the test will he applied to me. it will be applied as an
equipment specification, and that 1 will he required to show
svstem performance under those conditions regardless of
what MIL- STD--810C says: so you have to look at it as
heing used in that way and you may not he around to tell
somebody that it is really a structural test and therefore |
shouldn’t care whether the equipment performs or not. |
would like to follow that up by asking whether you have
given any consideration to permitting the use of a response
control test for a picce of internal equipment. which might
he a whole radar suhsy stein that weighs on the order of
600 or 700 pounds, that is all being tested together as a
rack? There is exactly the same technical justification for
response control as you have on the extemal store.

M"_‘ Beck (Boeing Acrospace): | woule like to com-
ment on arriving at your own test levels. We have done
that at Boeing and when you win a contract sometimes
you have to turn in a report to the vibration and acoustics
lab showing how you arrived at those levels and this is
fine. The problem that we seem to run into is that any-
time somebody invokes a standard such as MIL STD - 810.
and this gets into the project, it becomes sacred. | can
understand that a vendor or whoever runs a tes: s ally has
to adhere to that speafication and there seems ' no
way of deviating from it. Many times when we taik to the
people that are responsible for avionics they don’t seem to
know that there is a dynamics laboratory at Wright-
Patteron Air Force Base. There must be some way in this
provedure that yoo could Tamdic Giese special e, sali
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as a heavy items of equipment. We did this on the Saturn
program with the Marshall Space Flight Center; we worked
directly with the dynamics people and we wrote specifica-
tions for individual components, if necessary, getting data
from a static test firing vehicle which is handy. { think we
need that kind of a procedure that we could work between
the Air Force, the prime contractor, and the subcontrac-
tors, on down so that you could work some of these prob-
lems in detail. These things tend to be arbitrary or very
binding when they get into a specification. | appreciate
what you are trying to do and ] appreciate the random
test being put in, but we need some way to handle the
special cases, because when you have data that is scattered
over a factor of 100 it is difficult to tell someone, well,
that is the level. And that is what will happen because
that is what you have to tell him, since if you don’t have
an airplane to fly there is not much justification unless you
get with the people who designed that specification and
talk it over mnome those tat we kmowledgeable; then may-
be you can come up with something that is better {or all
parties involved.

M. Rars:. "Pin i of eowrse pant of ‘Hre Sisewssion 18
{ brought up carlier and | agree that it is all part of this
problem. | think that if or when an item passes a standard
test in MIL-STD-810B or C of course everybody is happy:
but wnen one fails that is where the problems start and we
all recognize this. It seems to me there ought to be some
kind of a mandatory clause which states that if an item
fails that specification then you must look more closely at
the environment, and in effect provc that this specification
or some other one is more effective or more appropriate.

Mz, Senn:. | don’t think that we «an expect to write
a Military Standard that will correct all of the ills of gov-
ernment contracting. The MIL-STD-810 is a document
that is used for testing those items. Now | can’t speak for
the Air Force because | don’t deal in their kind of equip-
ment: but the equipment that ECOM is testing has a mul-
tiplicity of purposcs: they «don't know in what helicopter
it will be used, so they have to havc a general purpose
specification to which they can test it, and that is the rea-
son they use MIL -STD-810. Now if they knew what
vehicle it would be used on they could design their test
around that vehicle and we will test it to that vehicle.
You have paragraph 1.2 in the front of the MIL-STD
X10C that says if you know a better way to do it. do it
Bl ey o el wery Wil opem e Booll v more
than that. if someone doesn’t want to take it he will not
take it regardless of what you write in it.

Mr. Beck: There is one request | hope you put in
and that is how to handle vibration isolators. With the §
Hz mimmum test limit you can cram all of your frequen-
cies below 5 Hy and you isolate equipment in the B-1 or
B-52 and it will be damaged. There are many people who
misuse isolators. Do you have a minimum frequency re-
quirment in MIL -STD - 810C?

Mr. Farls: 1 think it is the 26 to 30 Hz range. I can't
quote MIL -STD--810C exactly. but for aircraft applications
we Ty fu Reqp Biam i that range. b eait fUOTe yOou i
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paragraph or number but if it is not there it will be. If
equipment is to be tested off the isolators, where you
don’t have the isolators or the rack, you mount it on iso-
lators with resonances between 20 and 30 Hz and a Q of
4 1o 5 and test it as being mounted on isolators; but that
should be for aircraft applications because that case you
have has to be covered so that you don't put the isolator
where it is going to tear everything up.

Mr. Hermes (Aeronautical Systems Division): | believe
the Air Force has the same problems that the contractors
have in terms of an equipment procurement cycle where
the primary engineering control at procurement is the elec-
tronics engineer, and normally the environmental engineer
or the vibration engineer are left out in the cold. I think
hopefully the Air Force will come up with a solution to
the problem that everyone has touched upon; that is
MIL-STD-810C cannot be used totally without devia-
tions, withou ; thought, without analysis, and that there
needs to be some negotiation between the contractor and
the Air Force on a technical plan. As [ sce the solution
under the present circumstances, if a contractor has prob-
lems specifically within with the ASD procurement pro-
gram he should ask the ASD engineering office, or ask the
procurement office, for technical specialists either in vi-
bration or any other environment. | think the contractor
has that right and | think if the equipment procurement
engineer doesn’t know who that person is he should be
forced to go find him. | think if we had that, or at least
if we went in that direction, and | am sure ASD is going
in that direction, we could resolve all of the minute per-
turbations to MIL-STD-810C on a technical level between
two engineers who know what they are talking about; and
hopefully if we reach that stage, I think we can resolve a
large majority of our present problems.

Mr. Pusey: It stems to me that maybe we are missing
sofie people it the audience thal we vught Yo lLave, Per-
haps General Stewart ought to be here and perhaps the
commanders of the Naval Sea Systems Command, the
Naval Hrectromics Yystenn Command, wid e vafions &y
commodity coinmanids; because one of the most frequent
complaints that reflects on thiy problem that you have
raised is that you can’t use the escape clause because you
can't get to the right people even if you have the proof.
Many elements of the Defense Department; the equivalent
to the Air Force SPO’s or the Type Desks in the Navy,
don’t have the right personnel and they pet a document
such as MIL-STD-810C or MIL-S-901C. A contractor
can come to this project office and say hece is proof that
we don’t need to cost the govemment all this money, the
levels should be lowered or what not: and this person says
1 am not going to take that upon myself and he doesn’t
really know where to go to talk to somebody to give him
good advice, and even if he did he wouldn't take the
chance. So | really think the problem is a little bigger for
deviations from specifications and 1 don’t know how to
sobve i, Lot naaybe we re gelting & Hille miptoveneid in
those areas. 1 hope so.

Mr. Root (National Waterdift): 1 think Mr. Pusey’s

comments brings us back to this second support document.
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I know as a second tier subcontractor we could use it at
times to know the limitations of these fom:iulae, how to
apply them, and what are some of the guidelines; maybe
we need a second document to go slong with MIL-STD—
810C and maybe this would answer some of these other
questions.

Mr, Volin: If I am not mistzken originally the plan
was to have two documents, a methods document and a
levels document but | think that this was something that
fell by the wayside. Mr. Root’s point is very well taken.

Mr. Root: | don't think so much that, | think we
need a philosophy document to go along with it. Some-
thing that I can take to the project people and say here is
what the Air Force and the Army and the Navy intended
when they wrote this document. Here are the limitations,
herc are the escape clauses and so forth.

Mr._Volin: 1 think the intent is quite clear and that
is to get the most reliable equipment for the least possible
cost. The problem is very often that in trying to interpret
the specification something gets lost along the wayside and
people say what does this mean, what is behind it. I think
this is what you have to try to convince your project offi-
cer of.

Mr. Moskal (Rockw=il International): [I'd like to get

a clarification between a specification and a standard. Now
MIL-STD-810 is referred as a standard and all | have heard
tonight was specifications. It has always been my impres-
sion that a standard was a guideline.

Mr. Earis: I couldn’t agree more. You write your
specification from the standard once you know what equip-
ment you will buy and you have some idea where it will
be used; you use the standard to find what test procedures
are applicabie « your iiem in 1 locadton ana irom that
point on 1 don't think you really have to refer to MIL—
STD-810 except for the mechanics of the test. I think we
B it & very vicious circke in e detaired specifications
when we say test according to MIL-STD-810. I haven't
brought this out yet; maybe this would be a good time to
do so but failure criteria are a real nebulous area. How do
you know when you have a failure and what do you do
about it? Very often the detailed equipment specification
will say test according to MIL-STD-810 and then if there
is a failure nothing is said what they do about it.

Mr. Moskal: Well perhaps we should consider changing
MIL-STD-810 to MIL-S-8]0.

Mr._Earls: No, you can't do that because you write
detailed specifications for a particular piece of equipment
or for a particular airplane, and you use what is applicable.
MIL-STD-810 can't be applicable to everything you just
take that part for your application and write your specifi-
adivn; We spesifieation & eontrmcrnradly binding.

Mr. Moskal: In other words we are talking about
MIL-STD-810 as a guideline?
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Mr. Earls: Somebody has to take that and write a
specification.

Mr. Feroli (Aberdeen Proving Ground): One more
word about this “escape clause™. | remember that we were
working on this MIL -STD-810C during a tri-service meet-
ing and somebody suggested that we eliminate this “escape
clause™; well with a firm unanimity that we have never
seen before the three services were completely opposed to
ecliminating that “escape clause™ and a question came up as
to how should we write it in; the answer was let’s put it in
capitals. So | think that for the benefit of the contractors
it is important to realize how significant the services felt
that this “escape clause™ was: but | want to point out one
move thing. We feel that in deviating from MIL-STD-
810C the burden of proof lies on the person who wants to
deviate. it isn't the other way around. He has 10 have
pretty good proof that the envirommnent that his item will
experience will not be that as explained in MIL-STD -
810C.

Mr. Wilkus: In connection with some of these com-
ments that are made. this is a problem of “don’t confuse
me with the facts my mind is made up.”” You people think
that you have run into this. | think that it is incumbent
on the technical people in relations with management to
become acquainted with us the technical experts. | am
disappointed that people think that a specification or a
standard is being imposed on them. and incidentially |
think the standard only signifies that it has been coordi-
nated among the services. We don't start with MIL-STD-
810 and try to get somebody to prove that they can devi-
ate from it in ASD. In all of our major contracts we start
out in the very beginning, before the proposals and the re-
quests for proposals come in. and require that the people
make realistic estimates; we don't start with MIL-STD -
810, it is only a guide. We want the prime contractors to
make a reasonable estimate of these environments and de-
rive the test requirements. We want to participate in that
and agree with it. We change these if reasons for that
arises so | think that there seems to be some wrong im-
pressions here. For example we discuss the specification
requirements, we try to arrive at a reasonable answer, and
based on technical considerations revise it if it is needed:
we spend a lot of time, we find out what is happening and
as another gentleman pointed out, you get the equipment
too late and he is trying to show that it will pass a test and
it won’t even begin to pass one. We don’i intend that the
qualification test be used to find out if equipment will pass
the test. We hope that it only validates that the develop-
ment and the testing and the evolvement of a design have
been done. It shows that the work we presume that you
have done, has been done. Frequently as it has been point-
ed out, nothing, no test, nothing of any kind. has been
dane until way down stream.

Mr. Hancock: When will the myriad of specifications,
such as MIL-T-5422 be revised to reflect the standards of
MIL-STD--810?

Mr. Earls: MIL-T-5422 is not presently recognized
by the Air Force. It was deleted by the Air Force and you
use MIL--STD-810 instead of it s0 we are interested in

hh

revising MIL-T-5422 in the Air Force
Mr. Hancuck: What about MIL-E-54007

Mr. Eards: We have convinced some avionics people
that using MIL —E - 5400 s the wrong approach and that
random vibration is the right approach. | think it wiil be
casier 10 convince them once we get it into MIL-STD-
810C. General Philips, the Commander of AFSC is an old
SAMSO man who developed random vibration tests for
the Atlas missiles: he is sold on it, we are all sold on it as
a technical community. and it looks as if it won’t be any
major problem. | haven’t approached any other people
than the aviorics people: we have run random vibration
tests for them. it has really opened their eyes and they
have been for it. | haven't tried to talk to those who ad-
minister the specifications.

Mz, Hancock: What is your prognosis for Naval Air
Systems Command acceptance and wide useage of MIL -
STD-810?

Mr. Bouclin: 1 am afraid | can’t answer that question
directly. Test requircments as they may be defined in
MIL -STD-810, probably do not come to the attention of
the program managers back at the Naval Air Systems Com-
mand. Program offices at places such as the Naval Weap-
ons Center arbitrarily make a decision as to the test levels
that will go into the specifications that are already written:
those of us at the working level may never cven see them
until once they are out on the street and have been signed
off by the Naval Air Systems Command.

Mr. Hancock: | would like to comment on procedure
515, Acoustics. This gets to one of the key issues and that
is the amount of tutorial material that is contained in the
standard. | believe that in one of my written comments to
Dave Earls I suggested that we do something about educating
test engineers and specification writers with regard to rever-
berant test chamber sizes. specimen sizes, and lower limiting
frequencies such as some of those such as ANSI 1.21 has
contained recently. Is it possible in this C revision to ad-
dress that sort of thing?

Mr. Eards: It is possible if you have a write up that
fits in there. I think there could be more guidance as to
test chamber size and low frequency capability of the cham-
ber. It is not too late for it as long as it's straight-forward.

Mr. Hancock: The problem is quite frequently the
lower frequency for acoustic tests of cigarette size packages
which are installed aboard a missile in a one cubic foot
comparcment is down to 8.3 Hz or so: and theoretically
they should be tested in an outdoor size chamber. We
normally use a 400 or a 5500 cubic foot chamber which is
still a little ridiculous because there is no way that you can
run that low frequency in that small chamber. Of course
it is always accepted since there is nc point in having the
8.3 Hz test spec on it to begin with. That is an example.

1 don’t know how you would put it into th standard.

Mr. Tustin (Tustin Institute of Technology): It seems

to me that the test engineers who run tests need a great
deal of guidance that isn't presently found in the standards
that perhaps should be in the standards or in some closely
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referenced supporting document. Such things as an accept-
able fixture, acceptable instrumentation. and pick up loca-
tions, should be defined better than they are. Questions
conceming tracking filters are often not answered by the
standards. also what is an acceptable sine wave, or how
much distortion might be permitted? } would like tv go
along with Mr. Rothaug's previous comments that the test
labs need considerably more in the way of procedures and
guidance.

My Volin: To answer one of your comments } no-
ticed in the current proposed version of MIL - STD-810C
that there is 2 minor discussion on the use of tracking fil-
ters but } would certainly agree with you that it could be
amplified as to their use and limitations.

Mr. Rothaug: Perhaps one answer to this would be
to write into the MIL-STD-810C the requirement for de-
tailed specifications. and even beyond that, detailed test
provedures that would have to go back for approval before
tests are run.

M:. Tipton: It is probably impossible in a general
standard to get anything detailed however } think the
“escape clause™ is something that peogle look at and @
don’t sce any reason why it couldn’t be expanded to in-
clude more rzahistic test procedures.

Mr. Rothaug: 1 didn’t really incan as a general speci-
fication, but for a particular type of equipment. or even
major equipment. such as detailed aircraft specifications
written around MIL -STD-810C which would be further
defined. The standards would exist on its own as a stan-
dard for general use and then specifications would be
written around the particular type of equipment that the
SCIVICES are procuring.

Mr. Tipton: Well, if MIL-STD -810 is imposed and
it doesn’t give you any “escape clause™ to generate the ap-
plicable test methods 1 don’t know what to do. The way
1 interpret MIL-STD -810. it gives you an “escape clause™
on the test curve to be used but not on the particular test
method to be employed.

Mr. Rothaug: My previous point was that the test
methods were not defined. and that the specification would
further define those test methods for each particular appli-
cation. This is to be assured that the Air Force or whoever
purchases the equipment will eventually get matenal that
has been properly tested.

Mr. Tipton: There is one approach to that and it is
not dune on all contracts but it is generally done on major
airciaft contracts where test procedures are either sent from
the customer to the equipment contractor, or to the air-
frame contractor, and that is MIL-STD - 810 can only be
used as a guideline on each particular test for each partic-
ulsr equipment. 1 believe whoever does the testing has to
+ + imaginative in gencrating his own particular unique test
requirements for a particular piece of quipment: and when
those requirements aren’t addressed in MIL--STD--810C.
and actually most of the detailed test requirements that

may be unigue are not addressed in MIL-STD-810C, so
someone has to usc imagination in arriving at the best way
to perform a test. Sometimes there are requirements for
test plans which go through an approval cycle. and other
times they are not, but | think the only way to handle
these unique cases is to write them up on a separate basis.

Mr. Curtis: I would be agaiunst trying to put too many
procedural type requirements into MIL-STD-810C. h
scems 1o me that a military standard is a requirements doc-
ument with enough “how to™ kind of inforination in there
so you gencrally know what you are suppos:d to do; but
that has to be followed up by a detailed test procedure
prepared by the people who will do the test. That has to
include a lot of information that you never could put =t0
a general military standard because not only do you have
to incjude in that procedure how you are going to create,
control, and measure the environment itself, but most of
the tests require that you have to perform the functional
testing on the cquipment. Those requirements are unique
to whatever you are testing and you have to have that one
consolidated document that tells both sides of a test team
how they are supposed to work together; you just couldn’t
possibly generalize that kind of information. 1 don't have
the numbers with me but the spectral density levels for
internal avionics that are called out in MIL-STD-810C
appear to be quite high compared to the measured data on
avionics equipment in a number of aircraft that |} have in
hand. 1} recognize that it is an envelope of the data, but
even as an envelope, it scems quite high. Was there a con-
scious increase of that level to provide a known margin in
establishing those levels?

Mr. Dreher (Aceronautical Systems Division): There
are no factors of safety or tolerance margins in it, we only
tried to envelope the data. We found the mcan value of
the data from each airplane, we found the standard devia-
tion, and then we added 1.6 standard deviations to the
mean value which brought us to about the 90 or 95%

coverage point, so we covered 957 of the data. The 5% of
the data that was above it generally was in the order of 3

dB above this 957 coverage level. Perhaps we can look at it

in a little different vein; instead of taking the 95% point.
suppose we took the mean value of all of the data and said
let us consider the mean vajue as a reasonable average since
we have a fair data spread. and let us use that as criteria[
for the level that we feel is going to be there. Then |
would ask myself if that is the level that is really going to
be there and if ] want to add a factor of safety to it, then
what factor of safety do | want to add? There are a num-
ber used in our industry. 1 know the structures people use
a factor of safety of 1.5 or 3 dB, in design. I like a factor
of safety of 6 dB because it gives me a litthe comfortable
feeling; if 1 consider adding 6 dB to the mean value then

1 would find that 1 would be close to the 95% data cover-
age point. That is, it is about a 6 or 7 dB spread in the
data from the 4 airplanes that we looked at between a
mean and a 957 coverage point. Now you may prefer to
test to the mean and not use a factor of safety and say let
us take our chances out in the airplane, let it fly around —
we may or may not get failures; but my own position and
design experience is to have some factor of safety in the
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system and that is how we amived at those levels. | want
the confidence that the actual levels are going to be less
than those that | know my piece of equipment can take.

Mr. Forkois (NRL): [ haven't scen this last version
of MIL-STD-810C but 1 wonder if anyone has considered
that t!i levels of vibration should be associated with the
weights of the equipment and 10 what parts of the struc-
ture they are attached” [t seems to me that the energy is
distnbuted in a different way according to these factors.

Mr_Piersol. There is a mass attenuation curve applic-
able to aircraft equipment and the levels for external stores
are based on a mass density.

Mr_Fogkois. 1 am not familiar with specification in
as much detail as you are. but it just scems to me that

maybe if you have something that weighs 2000 pounds and
it is attached to the main hull girder of the aircraft, or the
fuselage. this would indicate that you would have a differ-
ent vibration environment than if you put it on the tip of
the wing. Perhaps you should have some sort of a scale
which is directed toward this concept.

Mr. Earls: [t is in there and it is the same idea that
was in MIL -STD -810B. When equipment weighs above
80 pounds the mass altenuation factor can be applied when
you calculate your test curve. [t goes down 6 dB for 160
pounds, so when it is 6 dB down we get one fourth of the
level.

CO-MODERATOR'S SUMMARY

First our mtroductory comments. an excellent presen-
tation was made by David Ears who described the main
differences between MIL-STD-810B and C and then in a
series of comments from the stores application. he des-
cribed deficiencies as he sa = them in MIL-STD-810B and
he pointed out where he constuers the improvements to be
in MIL -STD -810C. Peter Bouclin made comments for
stores, making a special point of the hard point mount
called for on MIL STD- 810B and its elimination as a de-
sirable feature, joseph Gaudet pointed out that he has had
no particular problems with MIL STD 810B and that he
would like to see more information on MIL - STD - 810C
since it is a new standard amd he hasn’t had difficulty with
the past one. 1 think this does note that we are all poing
to have to have a period of introduction to develop some
confidence in this standard. Al Tipton. for the case of air-
cratt. noted deficiencies in MIL. ST 810B particularly
the lack of a random vibration requirement and he noted
some of the deficiencies that he sees in MIL STD 810C.
Finally Gene Laboissonniere discussed the problems that
are associated with the ground equipment and pointed out
a number of deficiencies in the application of MIL--STD
810C to ground equipment. We had a lot cf good dis-
cussion, and it seems that perhaps three points were pre-
dominant. Considerahle discussion ¢nsued on the prob-
lems of deviating from MIL STD 810C, that is whether
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or not the “escape clause™ can be executed and we have
had several views on that; in summary it appears that if
sufficient justification is available deviations can be ob-
tained. this is a standard not a specification. Probably the
easiest time to do ths would be in the generation of the
specification. 7. .. .us some discussion about including
backup philosophy. 1 think there is general agreement that
that should not be in the standard, the standard is long
enough now: but there has been some discussion that may-
be it would be worthwhile as a support document for the
standard. For the case of extemal stores tests Allen Curtis
pointed out something to me that [ didn’t know; apparent-
Iy there is no specified ievel between the peaks in the
lower frequency range for tlie store vibration tests and that
certainly is an important point that is worthy of considera-
tion. We also had a comment noting that when MIL-STD-
810C was applied to a very low mass density store that
reasonably high levels resulted: this supports one of my
carlier comments that there probably should be some sort
of bounds since it is very casy to run into situations that
are outside the range of the MIL-STD-810C data, and
generate unreasonable levels,
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TEST OR ANALYZE

A Panel Session

Moderator: George Amir

Panelists: Harold M. Forkois, Naval Research Laboratory
LB. Irving, Johns Hopkins University Applied Physics Laboratory
Grant C. Schoonmaker, Bell Telephone Laboratories
Ronald L., Eshleman, [IT Research Institute
Robert M. Mains, Washington University
Clifford S, O’Hearne, Martin Marietta Corporation

Mr, Schoonmaker: Actually there really
isn’t that much division between the two different
design techniques of analysis and test as the
separation of the tables might indicate. I really
didn’t anticipate being first and even at that 1
think in order to maintain my position as a test
supporter I am not going to give a completely
unbiased presentation. We know that there are
a number of factors that enter into the choice
of a design technique whether it be testing,
analysis, or the combination of the two; in fact
the title of the session is incorrect it should
say and/or. There are factors such as severity
of the environment, complexity of the structures,
criticality of the particular design mission of
the equipment in the environment, and there are
economic considerations as well, We at the Bell
Telephone Laboratories perform many analyses
and you will have an opportunity to hear a paper
tomorrow on an analytical study of a community
dial office and its resistance to various seismic
events; but before I go any further I would like
to take a look at one equipment cabinet. I
heard someone in the audience say how would
you like to analyze that and that is my point,

My first slidc shows a rather complex structure
it is rather large and some of you may be famil-
far with it, It has a rather complicated electro-
mechanical function, These are traveling wave
tubes that are mounted in the cabinet in a rather
unusual way, there are 40 thousand volts wan-
dering around in that cabinet, and there is a
rather complex structure underneath it, includ-
ing tube sockets and the like, H I ask you to
simply design this so it won’t fly around the
room that is a very simple matter; but if 1

ask you to design it so that it will survive an
atomic blast and work during that event and
afterwards, then I think we have a slightly dif-
ferent situation, You will admit that this is
complex. My second slide shows a diagram of
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the inner components of the traveling wave tube;
can you imagine how many high priced analysts,
how many days, hours, or month of analysis
would be required to properly model this? And
having done that, input the necessary environ-
ment at some interface which you might be

able to choose and have any degree of assurance
that it would survive the environment? 1 think
you would agree that it is not possible., Just in
case you think that this is not a completely a-
typical situation I have a third slide that shows
another large cabinet that is filled with elec-
tronics that more or less control the design of
the interior of the cabinet. My last slide shows
another rather complex piece of electromechan-
ical gear, all of these were required to fulfill a
mission to survive an atomic blast and operate
during and after. To summarize my opening
remarks there are a lot of things that you can do
with testing that you can’t do with analysis,

Mr, Forkois: Engineers, whether of the
design variety or stress analysis-specialist
variety, are confronted with a vast spectrum of
unknowns, These can be placed in two cate-
gories, known or anticipated unknowns, and
unknown or unanticipated unknowns, The former
unknowns are generally amenable to the level
of knowledge of established procedures or
methods of technology and experience of sea-
soned engineers. The latter unknowns are the
troublemakers and in many cases turn into
rutheless killers, Examples of the latter are
the inflight explosions of several Comet Jef
Alrcraft, crashes of several of the Electras,
the F-111 crashes, the collapse of the Tacoma-
Narrows Bridge in the state of Washington in
the thirties, and more recently the collapse of
the Point Pleasant-Gallipolis Bridge across the
Ohio River. The causes of the disasters suffered
by the Navy through the loss of the Thresher
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and Scorpoin submarines remain baffling mys-
teries. In certain instances although the tech-
nology may exist in the literature its applica-
tion to a current design is overlooked or dis-
regarded by the pressures of the schedule
makers. The latter scenario may convince
jurles of criminal negligence in addition to
granting civil penalites. Failure of the Comet
was attributed to a fracture origin at the welded
reinforcement for the window openings com-
bined with a brittle aluminum alloy and the cold
temperatures of high altitudes. A complete
laboratory test of alternating ground-air-ground
pressure cycling, combined with simultaneous
high-altitude cold-temperature to zround-
temperature cycling, in a suitable facility capa-
ble of handling the entire fuselage would have
revealed this design defect. In the case of the
military F-111 crashes, imperfections in a
wing structure forging were a source of fracture
origin. Extenslve non-destructive testing of
these critical parts involving the use of more
exotic metals would have shown these defects.
The commercial Electra aircraft engine pods
were isolated on very soft low-frequency vibra-
tion isolation mounts which responded violently
to turbulent flight conditinns, This violent
response caused a wing collapse with total
disaster. This design error could have been
uncovered by a proper wind tunnel test simu-
lating non-steady air-flow. The failure of the
Tacoma-Narrows bridge was also caused by
turbulent wind conditions exciting a very low
frequency structure into destructive instabilities.

1 think materials properties are a weak
point in many analyses. More specifically
analysts use material property values based on
slow straln or stress rates applied in so called
static testing machines, Under actual shack
conditions it has been estimated that stress
rate values in simple structures are as much
as 30,000 times greater than in the static
tensile testing machine. The effect of stress
or strain rate is not normally considered in
engineering analytic investigations with any
significant degree of confidence. The assess-
ment is further complicated if temperature
effects are a design parameter.

Electronic equipment is usually housed in
cabinets made of aluminum, (for non-magnetic
requirements), dimensions parallel the configu-
ration of the human anatomy, that is 72 inches
high, about 24 inches X 24 inches on the base,
and about 26 inches deep, and they weight on
the order of 1000 to 1500 1b, These structures
have accessibility and maintainability require-
ments which detract significantly from the
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amount of continuous material which can be
included in the calculation for moment of inertia
in determining deflectlons in bending. In one
case an analyst’s calculation indicated a loaded
fundamental natural frequency of 55Hz. My
testing experience indicated that 20Hz was
optimistic. The actual value under test was
17Hz. Thus the effective moment of inertia, as
determined by the natural frequency of the
actual testing, indicated a value considerably
less the calculated one, By employing the
design technlque which involved the use of a
greater number of tight fasteners the sheer
effectiveness of the front and rear panels was
substantially increased. This increased the
structural homogenity of the cabinet and its
natural frequency was correspondingly i1 creased
to 30Hz, suitably in excess of the maximum
upper forcing test frequency of 25Hz and a
corresponding Transmissibility Ratio of lese
than 3 to 1 was attained. So these are the

two major items in which ] think the analysts
are weak. Even though they do good work there
are serious unknowns,

In many cases the building of a model and
conducting tests is less expensive than a com-
puter analysis especially for smaller items,
The experienced designer, cognizant of the lack
of data on the dynamic properties of materials,
will use a “factor of safety” in his strength
estimates and rely on testing as much as possi-
ble to cope with these unknowns. In addition
the “unknown” effects of defective material
with regard to fracture initiation and the
“unknown” contribution of fatigue to structural
weakness should reinforce our conviction that
testing is necessary and should be employed to
the greatest extent possible to cope with these
“unknowns” involved in the design process.

Mr, Irving: I pondered the question of to
test or analyze and it appears to me that I have
a choice to test or to analyze, After pondering
the question 1 have come up with a simple and
quite obvious solution, you test everything that
is small and you analyze everything that is hig,
This would leave the buiden of the decision to
less technical and more administrative group
personnel, This Ifear is too simple a solution
and would meet with great opposition, primarily
because it deprives us of the responsibilities
for which we have all been trained. In my
simplified opinion vibration testing is the art of
discovering and measuring resonances. Vibra-
tion analysis is the art of determining when and
where a resonance will occur and the effect of
the resonances on an object. Good mechanical
design is the art of eliminating a resonance or
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putting it in a place where it will least affect
the abject. In my opinion testing is a nuts and
bolts thing, it is very real, it is like the value
of pi, it is a real number, and it can be carried
out to some required accuracy. Analysis to me
is paper, lots of paper, it is imaginary like the
square root of minus one, but without it of
course we cannot return mathematically from
infinity. Both of these things I believe are
intuitive to the good design engineer. From my
experience | have found some design engineers
who really dread analysis but nearly all the
design engineers | know dread testing, we as
human beings do not like to be found wrong. 1
think I would be remiss in my duties as a test
engineer if 1 did not bring up the old example
of something that has been nicely designed, it
has been analyzed, it has been built, it has been
tested and it works very well, Build another
just like it and it should work just as well; but
suppose some person doesn’t tighten the nuts
and bolts as well as the first person did.
Suppose L2 runs out of nuts and bolts and the
fabrication engineer decides he should use
rivets instead, Suppose he runs out of a certain
item and changes manufacturers of a subsystem,
component, or an element; will the unit work?
That is the first question, maybe, Will it work
as well? You really can’t find out by sheer
analysis you have to test and actually I feel

that both should be used to assure quality, And
if 1 may steal a statement from Ralph Nadar,
both must be used if someone’s life and limb
depend upon its satisfactory operation, I like
to think of testing as a protection. Testing is
costly, and because of its expense it may well
be viewed by many of your administrative
personnel as the biggest protection racket that
has been thought of since the Mafia, Testing is
a protection for the design engineer, for the
analyst, and the fabrication engineer; it is a
protection against mad scientists, inventors,
suppliers of inferior products, and sloppy
workmanship. Recently I inherited a motor
scooter;a moter scooter is a motor, a handlebar,
a tractor seat, mounted on a set of casters,

and with that statement I have analyzed it.
Fortunately the state in which I live will not
allow me to take that on the road until both it
and I have been tested; testing is a protection
even a protection against yourself,

Mr. Eshleman: The relationship betweenanal -
ysis and test with respect to problems has been
debated long and many times before this, Whether
the engineer decides to test or analyze or dc a
combination of both depends upon his background
and his facilities. Despite that our testing friends
seem to indicate that testing is cheap and analysis
is expensive, I assure you that this is not always
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true; there is certainly a balance somewhere
between them, 1 like to look at the design pro-
gram from an overall point of view where you

use some of both and you end up with engineering.

I like to think of analysis as the type of thing
that you do to get into the *ball park” with the
design. N you are designing something with
which you have had a great deal of previous
experience the designer has the art already

and he can put it on the board with a minimum
of analysis; but if it is something that is pressing
the state of the art or is unusual, I think that
some sort of engineering analysis is certainly
justified to get into the “ball park”. Thus you do
not have to test ten or fifteen items before you
get one that works; that certainly has to be a
balance in cost that you must consider, 1 like
to think of two different kinds of testing; one is
a basic testing for properties and materials
which Harold Forkois mentioned and he is
certainly right that much of the strain rate
effects data that we use in analysis comes from
static tests when we are trying to analyze
dynamic phenomena. This is what I call charac-
terization tests and it is something that we
haven’t done enough of;; and we could do a better
job in our analyses of new structures and
machines if we had some of this basic material
characterization or component characterization
at high strain rates. Admittedly we must get
that from testing. The second kind of testing is
performance testing within the environment and
this is after the product has been built and you
want to see if it will work, This we might

call environmental testing. There is one area
where 1 think I have used analysis profitably,
and this is in a case where we are studying the
safety of some sort of a vehicle or machine
that in the process of its function may become
unstable or it may destroy itself. I don’t think
it is a good idea to test those sort of things.
One example that I am thinking of is vehicle
handling where you want to know the safety of
the vehicle near its stability limit, Of course
there is really a high risk in testing there and
when you have a high risk in testing it costs
more money. This is a place where analysis

is really effective when you test a mechanism
or a vehicle up to a certain level, maybe at
three quarters or at half level, to verify your
model and do the rest of the testing so to speak
on the model; I think models are very effective

in this way. In conclusion some of the criti-
cism of analysts comes from what I call the
number crunchers that model problems with an
infinite or a finite large number of degrees of
freedom when they really don’t need it, and they
crunch a lot of numbers out and don't even use
them. Now there are testers that do this also.
They put a lot transducers on a model and get
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a lot of numbers that maybe they won’t even
use. DBut these are both extremes of what 1
call bad engineering practice.

Mr, Mains: 1don’t know whether I like
being classified as an analyst, Ilike to think
of myself as an engineer who does analysis
sometimes, tests sometimes, and mixtures
most of the time, Analysis can extend from a
few numbers on the back of an envelope, to
careful numbers done by hand, to moderate
computer operations, to immoderate computer
operations, By immoderate computer opera-
tions 1 mean that kind of calculation which has
been mechanized to the point where the man
is out of it as much as possible, and has lost
all contact with the physical reality of what he
is supposed to be analyzing. I don't like to
see this done because I don't like to have it
happen to me, 1like to keep close physical
contact with what is going on so that I can
apply some judgement to it, Testing ranges
from something as simple as cutting out a
cardboard model on your desk and pulling ft
around pushing on it to see how things deform
80 that you can decide what kind of analysis to
do. The simpliest kind of model would be that,
I keep a spline in my file cabinet and I frequently
get it out and twist it and wave it around and
look at and see what the deformed structure
looks like 80 I can see what to analyze in the
first place. A more complicated model would
be one that would be built to scale and perhaps
of a different material in order to get such
things as flexibility numbers, or stress numbers
that you could not reasonably get by analysis;
and then there is always a full scale prototype
test that is done to either to verify an analysis
or to develop data for the next design and
the next prototype, and home in on a final
design. Iguess my point of view m’ght be sum-
med up in this way. Analysis or test? Each
problem is different. Each one needs to be
sized up on its own merits and as much analysis
is done as is needed, and as much testing is
done as is needed, to insure that the product
performs its intended function efficiently and
at a minimum cost., You cannot hope to do
more than this,

Mr, O'Hearne: Ithink that we have an
awfully difficult topic today because you have to
put so many qualifications and consider so
many contingencies to discuass it intelligently,

I think the reason that ] accepted this position
was that I was sitting in a lecture room shortly
before 1 was called to sit on this panel and one
of our product course analysts was giving a
lecture on design to cost, One of his slides

in his talk showed that one of the principles of
design to cost is more test and less analysis.
Well naturally I objected to that because I
though that everyone knew that in general tests
cost 100 times more than analysis for the
equivalent information; in fact I know of some
informal studies that have been made that have
shown that, So I questioned him and he wasn’t
quite prepared to answer me, it was a small
part of his lecture and | believe it was something
he had copied. There is a sort of {riendly
rivalry between test and analysis people similar
to that between battleship sailors and tin can
sailors in a fleet smoker. After I made my
point our structures and environmental test

1ab manager across the room said I don’t agree
with you Mr. O’Hearne and everyone had a

little laugh and that was the end of it. Of course
1 don’t have the luxury of following that sort

of thing up, whether more test and less analysis
means what I think it means in my product course
analyst’s lexicon, but I think it is something
like a recent remark by the President of the
Ford Moter Co; he said what the American
public wants is economy #nd they will pay
anything to get it. I think the dichotomy between
test and analysis is not quite appropriate in
terms of people, at least in the types of organi-
zations that I have worked in. That is without
all of the qualifications, you can think of a test
as just another analysis in whick you have used
a very special purpose analog computer erected
in the structures lab. Really if there is a
rivaliy it is between the people who do the test;
the type of instrumentation and power supplies,
the method of analyzing the data in the labora-
tory, and the type of computer to be used, My
circumstances are that I have a decisfon to
make on which computer to use, and it is
usually my own decision.

DISCUSSION
Mr, Reed, (Naval Surface Weapons Center);

I think it is sort of questionable that anybody
should argue about whether to test or to

analyze, [think the whole problem is a matter
of working together, I think a good example woulc
be to select a wife based primarily on the
results of a NASTRAN model, it would be fool -
ish not to do a little testing; buton the other

hand it would be foolish to do it based purely

on testing, Ithink the separation that

you gentleman had at the beginning of the session
was somewhat symbolic, Based on my limited
experience, a designer only comes to an
environmental test facility when he wants to
deliver his hardware or to pi~k up his hardware,
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and an environmental test engireer only talks

to a designer when he is going to call him some
names because he brought this piece of hard-
ware that obviously couldn’t pass the environ-
mental tests, Ithink that the whole problem is
the fact that designers and test engineers really
don’t work together enough, | have been in
somewhat of a unique situation in that I work in
an environmental test laboratory and by some
means that I don’t question, I just accept it,

I have been able to so some modelling. Ihave
had the capability of running a NASTRAN model,
or some other model, and then putting it on a
shaker, a shock machine, a temperature chamber,
or some other test equipment. It reinforces
your confidence in a test and it reinforces your
confidence in the models. To argue these two
positions is sort of representative of the whole
problem. As in the case of the like the examples
that were shown on the slides, obviously once
those things are built the easiest thing to do is
test them, But they are obviously not going to
survive any kind of nuclear shock so why didn’t
you find that out by some kind of analysis before
hand, Ithink that you should be working together,

Mr. Forkois: To specifically answer your
problem, in which do you have more confidence?
In my experience they seem to think that the
analyses are perfect, and there is no error
because there is a high order of mathematics in
there. When something fails in a test they
always pin point the test and say that it is wrong,
They have a ten cent item to fix but they are
reluctant to do this; they spend more time on an
analysis of what is wrong with the test. If they
would just spend ten minutes time to correct
the failure in the equipment they wouldn’t have
any problem whatsoever. This is the point; it
is easy to find an error in a test and everybody
who has eyes can see it, But it is very difficult
to interpret, analyze, and find errors in some-
one’'s analysis,

Mr, Eshleman; Mr, Forkois says analysts
believe that their numbers are exactly right, 1
have found many test engineers who also believe
that their numbers are exactly right, that there
is no error in the instrumentation or where you
put the transducer; but I think anyone who says
that is not an engineer. I think there are
extremes on either side.

Mr, Maines: We had an old saw around the
Applied Fhysics Laboratory which used to go
like this: Everybody believes the test except
the guy who made it, and nobody believes an
analysis except the guy who made it, or you can
turn that around if you like., The point is that
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unless an individual has been intimately con-
cerned with the process he doesn’t have much
faith in it, We used to require that the designers
come down to the environmental test lab and
take part in the testing while it was going on so
that they could see what the equipment was doing
and therefore be able to design better the next
time. This is a constructive way to go, it helps
if you can also get the environmental test people
up into the design area once in a while. It can
be done.

Mr. Schoonmaker: The obvious intention of !
putting those diagrams up there was to excite :
someone to the point where they would say well |
obviously you can’t just test that unit there must
have been some design done and obviously there
was and there was quite a bit of analysis done
prior to the testing that took place. One possi-
bility exists for better cooperation between the
test personnel and the analyst. I have found in
many instances the test engineer is not incor-
porated into the program at the onset and in a
aumber of instances he finds himself on the tail-
end of the program. Perhaps the other test
people could corroborate this, or maybe it is a
unique problem, but | have experienced this.

There could be a greater understanding if this
cooperation took place at the beginning of a
project,

Mr. Paladino, (Naval Sea Systems Command):
The panelists have all presented good points.
Analyses can get you in trouble when you try a
new procedure that you haven't really tried out
on a design; by this I mean in the early days
we in the Navy tried to predict frequencies for
our propulsion systems and it was catastrophic,
But as we went along and we got experimental
data, underway data, we were able to put the
empirical values to the analytical program that
gave us credence for making these predictions.
Today the Navy must use analysis for the pro-
pulsion systems in any new ship. H we built
before we did the analysis we would have multi-
million dollars of shafting, and turbines, and
reduction gears that wouldn’t be worth very much,
Analysis does another thing, if we find we have
critical frequencies that we can’t tolerate at sea
we can make an adjustment to location of thrust
bearings and/or steady bearings, There is a
place for the analyst and there is a place for the
experimenter,

Mr. Forkois; A lot of these things are sub-
jective and the cracker barrel philosopher always
found out that the intelligent people always tended
to agree with him, so I think we have this problem,
However when people do analyses we have people
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who are involved in concepts and they symbolize
these concepts in equations and these are general
equations, You can’t get numbers from them
because they don’t have constants, they don’t
have the emperical data, and they don't have

the constitutative equation in which to put the
constants, The engineer must arrive at num-
bers and he must arrive at numbers which are
in the ball park. I do analysis myself even
though I am in the test area, but I find the
analysis people over do it many times; I think
Dr, Mains will agree with me that a lot of the
analyses could be shortened and simplified a
good deal and more reliance placed on a good
test,

Mr. Cole, (Naval Surface Weapons Center):
I guéss we are all saying what is oEvious. It
seems to me the point of the discussion is I
agree with each speaker who speaks but dis~
agree at the extremes, Shouldn’t the point of
the discussion be when is the best time to test
and when is the best time to analyze rather
than try to arbritrarily set up barriers?
Obviously we all know that we have to both
test and analyze,

Mr. Mains: That is a very good point, I
think that what ever dichotomy exists between
analysis and test results from the test being
looked upon as the last step in the operation to
be held off as long as possible in the hope it
might go away. What really ought to happen
is that the designer and the test engineer
should be working hand in hand every step
of the way, and there are many simplified tests
that can be made during the course of the design
which will anticipate future difficulties and allow
you to correct them. Ifor one very much favor
concurrent development testing with analysis.

Mr. Forkois: Very well put Dr, Mains and
1 agree with you one hundred percent, [ think
whal we seed bede 18 8 Geflnllion perhaps of the
different kinds of tests. There are all kinds of
tests and I ennumerated some of them but did
not present them in my opening statement, We
have developmental or experimental of tests,
these are XN1 tests in which we test a new
product to determine its feasibility, And of
courss (b Navy has many of these els; we
make a limited number of samples and then
they are put aboard the ship. The Navy has
groups which then test these items ahoard
ship; the fact that you have passed certain
kouls does nol mean That U will sstomaticslly
be placed aboard a fighting ship. It means that
there are compatabilities and interferences
that have to be analyzed and it has to be integrated

(2]

with the general military concept of waging a
war. Later on we come along and everybody
says we want five thousand of these things

right away, so we issue a contract and we have
a preproduction test and its function is to test
out all of the changes that might have been made
from the original because I am sure that none
of us are really perfect to begin with, Then

we go into the production phase and the value
engineers, who are looking for a penny here and
a penny there, often change a design and do not
tell the designer of the change. Irecall a simple
test of push button made by one of the manufac-
turers, who had been making these for years,
all of a sudden the push button was making
contact under shock conditions when it wasn’t
supposed too, They immediately though that
there was something wrong with the machine.
Inevitably it is never the product it is always
the machine. They brought it to my lab I tested
it and I said that something was seriously wrong,
perhaps they changed the material, They went
back and they found out that the copper strip
wasn’t hardened, somebody had changed the pro-
cess so that the spring was actually deforming
plastically cr it didn’t have the right constant.
These are things which can cause trouble; a
simple push button is no great shakes for any

of us here but it is very important for the fleet.
Then we have tests which [ call quality control
tests and they are screening tests, These

tests don’t simulate anything in particular,

We give them a 75 or 100g halfsine pulse shock
test: this is a good screening test and these
products, when used in an integrated system, will
probably function very well because they have
been screened and many of the troublesome
things have been worked out, It does not mean
necessarily that it would work when it is inter-
fiscid with the larger system, but ot least you
know you have something that is fairly good.
Then we have the reliability testing which
Colcnel Swett mentjoned yesterday and [ was
surprised o lenrn thal' e Alr Foree doesn’t
operate their equipment during reliability
testing, I am sure the Navy does. So I think

we have to keep in mind the fact that testing is
actually part of the design process. Iwas
trained as a designer and I use the test machines
as analogs. They are my computers and I have
fwith in them,

Mr. Root, (National Waterlift Co.): You have
mrertioned the dévelopiment type tests and 1ean
think of many development tests that have been
poorly run because the engineer didn’t do any
analysis ahead of time. He didn’t know where
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he wanted his accelerometers or his strain
gages and yet [ seem to think that you have
said that you can test without analysis.

Mr. Forkois: No sir! That is not what I
said at all, § was trained as an engineer and I
am familiar with differential equations and
computers, but the problem is one of making
sure you have the right people. In many cases
in the electronics industry the electronic
engineer has cognizance of the equipment and
when they get into the mechanical engineer’s
field many times we have a disaster and a
catostrophe. I think industry has realized this
and in recent years it has given the mechanical
engineer a little more prominence than just
the electron chaser,

Mr. O'Hearne: I would like to respond to
that especially since Mr. Forkois has used
the word bad analysis a few times. I would
like to have the privilege of using the phrase
bad test and I agree with Mr. Root that it happens
quite frequently in development. This is partic~
ularly true on the substructural level in the
laboratory, where boundary conditions have
nothing to do with reality, inputs have nothing to
do with reality, and there is also a tendency to
compromize when this is realized. Let us
shake it and maybe we will get something out
of it, which I think is ridiculous but I have seen
it, Perhaps the way this should be put together
is that all test and analyses need more criticism,
My personal feeling is that there is a tendency
not to be critical in the test and analysis area
the way we are In the deslgn aren. The desiyns
are frequently reviewed, the designers have to
show their trade-offs, and tell their reasons;
o wien i fosses lo dlalusiolegd T Libsls And
analysis all they want to know is the results,
not how it was done, why it was done, and they
take those numbers. I think one way to resolve
qutstion of Uad test and analysis is for organiza-
tions to be more critical and have more people
look at what is being done; probably the best
W&y 0 00 [ 5 b0 ave fhe amalysis of the test
engineers themselves ask for the review the
way it is usually done with the design.

Mr, Slupek, (Ingalls Shipbuilding): In the
area of shock and vibration we frequently have
the problem of whether to analyze or test when
it comes to qualification, Now I think the real
question that should be addressed is if you were
to buy an item what would you be willing to accept
in the area of either test or analysis in order to
realize a certain degree of confidence, knowing
that you are the one that will have to pay the
bill? I think there are factors that affect our
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our decisions, for instance reliability require-
ments, A vendor will supply items or compo-
nents for designs in which there are no relia-
bility requirements, no mission essential
characteristics, or the items may be hazardous
to personnel. In other areas we have to con-
sider the ability to correct deficiencies under
actual usage. For instance in the shipbuilding
industry, or in the operation of a ship, you can
correct certain conditions during trials, whereas
in the missile field you just have a single chance,
and therefore you will have to perform a

great deal more testing to make sure that you
gain this particular confidence. What classes

of equipment could be considered as being the
best candidates to exempt from testing?

Mr. Mains: There is only one catagory of
equipment to be exempted from testing and that
is the equipment that is so big that there is no
way to test it. Everything else should be tested.

Mr. Caruso, (Westinghouse Corp.): I
think the decision whether to test or analyze
is already made for you. For instance the
gentleman from the Navy mentioned that many
times testing is just too prohibitive at a certain
stage of the game; also cost may prevent you
from testing so you might initially decide that
it would be best to analyze. Schedules will
often decide whether you have time to build
the test fixture needed or assemble the tools
needed to test, in which case or an analysis
would be the way to go.

Mr. Reed: ©ihink again dils 18 & negative
comment but the problem is that neither test
nor analysis is very definite. The vibration
lesl s & good exatoplie. H you giee
me a piece of hardware and you tell me you
want it to pass I can put the control acceler-
ometer somewhere to make it pass. H you give
me a set of natural liequencies and yoa give me
the drawings for something I can probably make
the natural frequencies come out there, but the
aralysis 15 jast not tat [indle & thing, nothing
is. Idon't think that you should miss any
opportunity to assure yourself that something is
going to work or function as it should, therefore
1 think that the two, test and analysis, go together
very well.

Mr, Forkois: I think perhaps the discussion
is evolving into something different. Perhaps
the dichotomy between testing and analysis is
merely a symptom of something a little more
grevious, and perhaps it has to do with our
industrial organization and the values we put
on what we are doing. The Navy had a Systems




Performance Effectiveness Committee in which
this was extensively analyzed and there will be
an article, which Dr. Eshleman is preparing,
that will appear later in the Shock and Vibration
Digest in which we think there is lack in the
administrative function diagram in the way
things are done. We should get the environments
into the concepts and into the thinking of people
from the beginning, from the upper to the lower
levels and the things other considera‘ions that
General Stewart mentioned yesterday., There
are other considerations involved besides

shock and vibratlon, We have safety, we have
cost, we cannot afford to be so wasteful, and

we cannot afford to be cavalier in these things.
Remember if we ever get Into a war your son
may be aboard one of these ships, and you want
him to have the best. I think perhaps we need

a review of the whole situation from top to
buttom. 1 think that this discussion 18 merely a
symptom of something that is a little more
grevious and General Stewart very wisely
mentioned it in his opening remarks which were
well taken.

Mr. Volin, (SVIC): The cost and the avail-
ability of the hardware was one of the prime
consideratiozs that kis st been mentioned in
the question of test or analysis. There are
many programs now in our conditions of austerity
where we do not have the spares, the develop-
mental test models, to test, As a result we have
to test where we can and we often have to
qualify by analysis where testing cannot be
done; this is either because of the 1ack of
hardware, or maybe in some cases, as Doctor
Mains and others have mentioned, the item is
just too large to run any kind of a test on it
whatsoever,

Mr, Schell, (SVIC): 1 think I can build a
shaker to shake this whole Convention Center,
if I were given enough money, and believe it or
not some people have tried to do things like
this. Irecall a few years ago that some people
were building a shock machine to put in a very
short drop off time sawtooth shock test to a
1500 pound item. This becomes very difficult
to do because you can’t get short drop off tinmes
on large heavey items without a lot of effort,
So I think that you can test anything that you
want to but you have to make some decision as
to how much money you have to spend.

Mr, Schoonmaker: Just a comment on
Mr. Volin's statements, It is possible, even in
the face of current monetary or fiscal problems
(v utilize testing eventhivdgh we fiaVe vely farge
structures where the cost would normally be

66

prohibitive; this would give a very good example
of the compatability of the two design techniques,
and analysis and testing. It is quite possible to
perform an adequate and not terribly costly
analysis up to a certala point in a structure,
Then as the complexity of the structure becomes
much greater at the subsystem level the analysis
up to this point could then be used to as an
input.to a subsystem. The testing cost would

be relatively low and the analysis cost would

be relatlvely low as well. The combination of
the two might yield something very worthwhile,
In addition to what Mr. Schell said about

shaking very large buildings or pieces of equip-
ment, there have been and I am sure you are

all aware that many very large buildings have
been tested. Obviously these are not destructive
type tests, They are impedance type tests where
the structure is characterized. It is possible to
shuke five story bulldings, or buildings with a
reasonable number of stories, characterize
their responses.

Voice, (Airforce Flight Dynamics Labora-
tory): A preliminary evaluation and a review of
past tests should be necessary in performing
research and development type of tests because
et tesds hove olten teen done previoutly and
this can save the money of testing, Sometimes
when you are testing at an environment at either
extreme, so that if a given stress is required to
fatigue a certain object after a certain amount
of time, if your predicted stress is far less than
perhaps a tenth of that amount I don’t think it
would be necessary to test, If it should be
extremely high, because the environment would
be much more severe, testing would not be nec-
essary, I think we can just say it will fail,

After we decide that there have not been any
repetitions or extremes we should test and we
should evaluzte the data the next day after the
testing rather than waiting several months. I
have seen this happen many times, sometimes
years after the test was completed. This will
help us to decide the direction of the test,

and to compare our data against our preliminary
prediction; then we can decide whether something
is wrong with the test or if something is wrong
with the analysis, A final analysis and test
report should be made as soon after the test

as possible.

Mr, Slupek: It has been my experience that
both management and the customer prefer test-
ing so we tend to test to the maximum extent
possible; however the rule that we generally
follow is that it must be cost effective in all
cases, ot only In terms of money Gut fa terms of
people themselves and the mission,
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tory): I wanted to share a little 20,/20 hind
wight with the panel. The Langley Research
Center, Martin Marietta Corp., and JPL had
finished an all up test on the Viking spacecraft
and that test required extensive pretest analysis
just to determine if we could perform the tests,
much less perform it without damaging the
spacecraft; looking back I think it probably would
have been possible to accomplish that test
without the extensive analysis but I am also
equally sure that without the analysis it couldn’t
have been done within the cost and schedule that
we were provided.

Mr, Forkoig; A previous speaker made a good
point and I think that this is where the Shock
] and Vibration Information Center could help.
When you have a contract to do a test for the
Navy you are not doing it the first time, it has
been done before. One of the big difficulties is
the lack of accessibility to data on previous
items which have qualified, and many times 1
think the Navy has qualified equipment on the
basis of similarilty or previous tests. But in
these cases you always get into the hassle of
whether the unit is truly representative of the
previous test. No matter what you do, according
to Murply’s law, you will have trouble there is
no simple way of doing this. Ithink that the
military can indicate through their computers
when they have a successful test and the type
of equipment that was tested; if we have this
information many of you can query a computer
data bank and it might give you something that
may be similar to the problem that you have in
hand, Another problem in design and analysis
is the lack of continiuty in personnel; about
every five years, as many of us here will testify,
we go through this business of what is a g or
whether you should use shock mounts. The
Navy has the problem of educating many of
these people and many of these companies who
do not have the technical knowhow or competance,
and then the Navy has to perform an educational
function through its laboratories so that we
have scme continuniuty,

Mr, Chen, (Jet Propulsion Laboratory):
For the past few years we have been doing
structural dynamics in the Viking Orbiter
project and we as engineers perform both the
analysis and the test, We specify the test, and
the instrumentation locations, and, our experience
indicates that this is quite satisfactory. As an
aside the Viking spacecraft was designed ac-
cording to tle analyticai loads analysis, Maybe
this is just one data point as to how test and
analysis should be balanced.
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Mr, Reed: Sitting here and listening to all
these comments | think the problem is if this
were a boiler makers convention there would
be no problem. The technology exists to 1
predict the stresses in a pressure vessel or a
boiler; the analyst would say we can tell you
what the stresses will be and the test engineer
v ould test it at 1507 of the design level or
whatever after the boiler was designed. The
problem is the fack of technology or the lack
of confidence in the technology. I don’t think
any analyst will sit down and come up with
his mode shapes, natural frequencies, or his
transient responses and have a high level of
confidence in his answers; there are many
questionable areas. I think the total problem is
that at the present time the state of the art is
not sufficiently tested to get the confidence of
the designer or anybody else and maybe that is
the point. I you worked to make this a black i
and white issue and eliminate all analysis it
would be a little hard to imagine that our tech- i
nology wili get us to the point where we can do
an accurate analysis if the analysis capability
is completely denied.
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Mr, Maing: You should have been at the
Pressure Vessel and Fiping Conference at
Miami in June where I presented a paper on the
plastic analysis of heat exchanger expansion
joints in front of a bunch of boiler makers. The
state of the art isn’t all that good; if you look
at closures on pressure vessels, expansion
joints, or inlets, that is nozzles, this is far
from a closed issue, we need to learn a lot
more about it.

Mr, Forkois: I think the learning process
includes accidents and disasters as much as
we don’t like to think about them, I think they are
real life tests and we are shocked by tle results
of these real life tests and we try o learn from
them, They are in fact providing empirical
data for both analysts and testing advocates.

Mr, O’Hearne: I believe there is a great
deal of confidence in certain types of analysis,
{or example the normal modes of primary
load carrying structure of the conventional type.
We have been doing a good job of predicting them
for years, and the final test usually shows that
they are accurate, at least in the first few modes,
to a few percent, Ihave read recently that there
is some thought being given to eliminating the
ground resonance survey on the Space Shuttle
because of cost. Idon't know whether that is
going to be done or not but it is a surprise to
me that it would be done; it certainly shows that
someone must have a great deal of confidence
in analysis.
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Mr, Amir: Ihave a question for the panel.
If we talk about the real design, the designer is
faced with the decision (o size his structure, and
the question is how does he do it? Well there
are inany methods, one of them is to perform
suome calcalations., The gquestion 18 cail we use
today’s sophisticated methods to support the de-
signer especially where cost is very critical,
and the schedules and (he requirements are
tight? There is a need to use sophisticated
methods, can we use thern comfortably and sup-
port the designer to produce his design?

Dr, Eshleman: There is no doubt that we
can support the designer with analysis in most
situations, I think most engineering analysts
will have some confidence if its a reworked job,
I think he has some information with which to
start and it is similar to an iteration process.

I would hope that particularly if some tests have
been run that the results would feed back and

the designer couid use this information and
shorten the iteration process over building proto-
types and testing them,

Mr, Mains: I think the problem does not arise
very often if the item to be designed is primarily
slirertural. The dillicillies asimlly arise mhen
it is either an electromechanical or an electro-
chemical problem or some combination where
the structure is simply the supporting shell and
the engineering attention on the function of the
electronic gear or the electrochemical gear is
overemphasized. As a case in point I recently
spent a good bit of time in hearings over an
electrochemical item which was being manufac-
tured by a supplier and sold to the Navy; would
you believe that they sent the preproduction
prototype in without ever once having performed
a vibration or a shock test? They had performed
electrochemical tests and they went into the
preproduction test with no previous environmental
test experience and were quite amazed to find
that it didn't pass. The item failed to pass the
preproduction tests many times, finally the
contract was terminated and the manufacturer
claimed that the problem was that the elements
were overtested. If he went into the preproduction
submittal without any previous shock and vibration
testing in the development process he had a hole
in his head. But you get into difficulty in these
combined media or situations, where the struc-
ture is the supporting shell and something else
is the primary function such as elactronic gear,
batteries, or search lights, because the primary
effort is not on how {n make the thing hoid to-
gether,

Mr, Senn, (U.S, Army Test & Evalustion
Command): Your comment about overtesting is
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familiar I have heard it before. i we have any
choice on how to test an item we will put it in
the real environment and run it, drive it, fiy it,
or whatever you have to do with it to get enough
statistical data to know v’ ether or not the item
will sarvive In the real Held, When we don't do
that it is because we don't have enough time or
money to do it, Then we go to the substitute
which I8 8 laboralory tesl and thereln lles our
problem, because you not only have to rely on
the analysis to develop the test, and there is a
certain lack of confidence in that analysis as
well as the test; that i3 why we prefer the real
environment, 1don’t see how you can have a
laboratory test without analysis or analysis
without a laboratory test and know what you are
doing.

Mr, Mains: Iagree with you, I get students
from an aircraft company, some of whom work
in the test laboratories and some of whom
work in the degign area. They tell me that it is
not all uncommon to change the dimensions, the
scantlings, on a part of the aircraft by as much
of a factor two on the test floor after all of the
analyses. When they get it down on the test
floor they frequently find that it nceds to be
Flangwd oy & leelor of o so don'l v merh
faith in analysis or too much faith in test,
question everything.

Mr. Dillon (Jet Propulsion Laboratory): I
sympathize with one of the gentlemen who
mentioned that the electromechanical parts were
usually under the cognizance of the electronic
engineer, that the mechanical engineer was di-
vorced from the picture, and that most of the
design proof was done by testing. Iam in the
electronic packaging area of JPL and over my
iife time I have noticed a trend away from the
detailed testing and more into analysis to both
save money and get a level of confidence that the
equipment will pass these tests, I think that
this trend will coniinue in the future and there
will be less detailed testing as people learn to
have more confidence in the techniques of analy-
sis,

Mr, Mains: Those fellows in the aircraft
company have a lot of confidence in their analy-
sis and it is the filtering out of these people
into other industries that is beginning to make
analysis more popular there, I know this too
intimately. I shudder, I tell my classes that 1
pull out my little five inch slide rule and say
if you can’t solve it with this you probably don’t
understand the problem. That is not entirely
true but it makes a good point, especially after
they have turned in designs with eight significant
figures because that is how many they get from
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their little pocket digital calculators now, I
wonder where our next generation of responsible
design engineers will come Irom i they are al-
lowed to go through life thinking if there are
eight digits it must be right, The computer out-
put from the analyses of the supports for elec-
tronic gear may be printed out to eight digits
too but that doesn’t mean it is right either.
“Garbage in garbage out” you know.

Mr, Dillon: That is true and I won't argue
that fact all I have said i3 that over the past
fifteen or twenty years analysis techniques
have improved and with the aid of the computer
and the analysis techniques that we now have I
think that the trend toward detailed testing will
drop off. Testing is required but I think it is
more in line with establishing that the materials
are capable of sustaining the design loads and
verifying their quality.

Mr. Mains: I think most of this is a result
of the proliferation of finite element analyses to
such an extent that where we used to do things
on a judgement basis and simplify them down to
the point where we could do some analysis, now
instead they divide it up into an infinite number
of finfte etements and let the cumpater grimd
away without really examining the meaning of
it all, Ihave a collegue who wants to > a
stress analysis of rail cross sections with
finite elements when this was all done years ago,
in the thirties to be exact, with the infinite finite
element, that is the zero gauge length strain
gage photo-elastieity, Ve apparently fidut kuow
that this had been done but he still wants to do
it with finite elements; something is out of joint
frere, pomeéthing to wrong., We fieed o ash var-
selves now what am I really trying to do and how
much do I need to do to get results: not Ok I
hawe & program s we will shovel sime numbers
into it and see what comes out,

Mr, Forkois: If what the gentleman said is
true thatl detalled tesiing s golng o Ge= rease
and that you will perform cosmic analysis which
will ignore all these things, then all I can say is
that in about ten years from now you will have
another session just like this wondering what is
wrong. It scares me to think that what you pre-
dict will ever happen, and I just hope that it will
not happen.

Mr. Fortenberry: Idon't want to frighten
you further but it has been my privilege to do a
little interfacing with the Space Shuttle Program
and we are looking at the possibility of deploying
certain experiments from a Space Shuttle, We
have met with some of the astronauts, we met
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with quite a few of the cost experts on the pro-
gram, and the trend, at least as far as the
Space Shattle Prugram Is concerned, 18 10 11y
the cheapest thing you can and if it doesn’t
work up there bring it back. This trend toward
less detailed testing seems very real where
that program is concerned,

Mr, Root: I would like to return to Dr,
Mains’ comment on this practice of carrying so
many significant places, I think our analysts
are at fault, I have worked with both designers
and analysts and we have many analysts that
carry things out to eight and ten places and
quote it to the designer as if this is the gospel;
I think the designers are just picking this up
from the analytical people.
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Mr, Mains: That could be, I recall a few
years back the company that was designing and
producing the control rod mechanisms for one
of the reactors iold us that we would have to
change a material from 75 PH to 150 PH because
we calculated the stress in this control drive
mechanism under shock and it was 50,023 rounds
per square inch and that the material was only
good to 50,000 psi. I asked him what happened
10 tire 30 alter the dectmmal potmt amd ey iyt
even know what I was talking about. These were
both designers and analysts,

Mr, Eshleman: I think some of the dis-
cussion of the trend toward more analysis some-
what contradicts what I heard a couple of weeks
agu &t the ASME l)‘.b*sll Tet'.lmalugy Comderente
in New York; here we seem to be talking about
the trend toward more analysis and less testing.
There was perimps 4 differanl growp of peodie
at that meeting but the concern was that the
students that came out of college adapted im-
medistely to the ways of industry in which thi
people in industry claim largely has very little
or no uce for analysis, 1spoke to someone from
United Aircraft in Canada about this trend toward
sndlyile and te elalimed that tie vew wngineets
would depend heavily on analysis on the first
problem, the first design, These are very
complicated rotor bearing systems. When the
new engineer went to the lab and took some
measurements on the system and nothing would
approach his predictions he became completely
disenchanted. Then he claimed that they would
drift back and when they found out what it was
all about and that you couldn’t depend on one or
the other things became better, So I think there
are some different views on the problem,

Mr. Schell: One of tne factors that is enter-
ing (nto a possible deemphasis of testing is its
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high cost. Rather then reduce testing we should
exanyine some of the highly sophisticated tech-
niques that are used in testing and in data analy-
sis as well as the amount of laboratory equipment
and man hours that are being spent in testing,
and look for some simpler means of testing to
demonstrate the equality of the piece of equip-
ment. The Navy has used MIL S 901 Shock
Machines for many years and are very simple,
When the equipment is subjected to one of these
tests the Navy has a strong feeling that will
survive a similar type of near miss explosion in
an ocean, It is a simple test,very inexpersive

to run, and yet it gives good results; [ think
that maybe we are overly sophisticated in our
testing techniques and that is where our money

is going.

Mr. Beaulieu (Picatinny Arsenal): The Army
has seen of the problems of the aralysts and
test engineers with the SAM-D Missile and they
have put it under the CS square program which
is a cost system so they could keep track of the
costs of testing and analysis. This program
has brought the test engineer into the program
along with the designer and the analyst immedi-
ately. The end result has been that the environ-
ments have been monitored and changed, and the
test programs altered quickly to respund to new
design changes before it even got into the test
lab, It looks as if it is a complicated system
and it is a very expensive million dolla: costing
and controlling system but maybe some good
will come out of it to monitor the cost in testing.
The other factor in the high cost of testing is
how do you write MIL-STD 810, put in temper-
ature chambers, and put in particular require-
ments on a test and expect to do it cheaply? 1
just can’t put the two together, Maybe we could
discuss narrow band temperature requirements,
low gradients, exact controls, multiple point
controls,

Mr. O'Heame: The SAM-D Missile has just
completed a ten flight control vehicle flight test
program and I was recently watching some
movies in which they showed the firings of the
missile at the White Sands Missile Range. A
“Calcormap” plot of particular motion variables,
such as attitude or lateral acceleration,
would be un the screen and then as the missile
ilew you would see the actual in the test, The
actual lay on the predicted everytime, and
naturally the control test vehicle flight test
program was not just for that purpose but I
couldn't help thirk, if that product cost analysts
were sitting in that room what he might have
though’ about the difference in cosi between
that Calcomp plot and that flight test,

"0

Mr. Burns (Consultant): As far as the cost of
test is concerned and whether or not we are too
sophisticated you can’t discuss that question
until you discuss the purpose of testing. For
example Dr, Mains mentioned that his students
from the test labs sometimes had to double
scantlings by a factor of two, but 1 wonder if
those same students ever considered cutting
the scantglings in half? H your only question
in a test is whether the equipment is sufficient
to purpose it i8 a relatively simple test, N the
question is whether this is the most efficient
that is a completely different question, and how
much you spend on the test depends on how
important the answer is.

Mr. Mains: Well they throughly strain
gaged one of theege aircraft structures and they
frequently reduced the section but they also
frequently increased the section; and when they
increased or decreased the section it may
easily have been by a factor of two.

Mr. Burns: With respect to elegeant efforts
as MIL-S-901C efforts the question is are we
simply after insurance or are we after design
improvement ?

Mr. Mains: Even after the changing of
sections on the test floor in the aircraft
business, this still doesn’t tell you whether it
will fly stably, whether it will iand safely, or
whether it might flutter,

Mr. Burns: Of course the ultimate test is
when it is in service,

Mr. Mains: Yes. The reason for the some-
times apparently sharp definitions of require-
ments in testing are just like the case I men-
tioned a moraent before where a manufacturer
claimed that he was wronged by having his con-
tract terminated because really what was wrong
was that things were being overtested, In this
particular case the shock machine was set up
for a half sine pulse at perhaps 60 g and 10
miliseconds with a dead mass load ; when the
manufacturer’s gear was put on the shock
machine it necessarily had some elastic feed-
back into the input and so the pulse was no
longer a nice clean sinusoid, it had some second
harmonic on it and it read 70 g instead of 60 g
so he claimed that it was an overtest. How do
you write a specification that will educate the
manufacturer to understand that he is out of
order in making that kind of a claim when it is
just done exactly as it was supposed to do?

Mr. Rich, (Consultant to Ok;j: Over the
past twenty years the Navy has heen running
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many full scale ship tests in which, instead of
simulating the shock conditions on a machine,
the ship itself has been subjected to what you
could call simulated battle conditions, A couple
of problems have come up, some of which have
been alluded to here, but one of them ] think is
very important. We speak of overtesting but a
largy number of failures that we have had on
these shipboard tests were things that had never
been tested and probably were never analyzed.
Dr. Mains mentioned the fact that frequently
equipment is designed for function and then very
little is done before it is put on shipboard, I
have the feeling at times that somct.ing was
done, the equipment was designed in somebody’s
laboratory for a function, it might have been
electronic or electromechanical, and then in
preparation for the shipboard environment it
was painted grey and put on shipboard, and that
is about the extent of the environmental prepa-
ration, so we have had a large number of failures
of equipment that was never designed for this
type of environment, The second type of failure
that occurred has not been alluded to at all and
I think it is important to bring it up. In many
cases the equipment on board the ship was
tested and it passed some sort of an acceptance
test but there were failures: we found occasion-
ally that the failure was in an offspring of the
equipment that was originally tested. Some
piece of equipment, perhaps switch gear, was
tested and over a period of ten or fifteen years
and all of the production was considered as
shock proof. however over the years a number
of changes were made, while they may have been
small, their cumulative effect was to get an off -
spring that didn't look at all like its parent and
it was still considered as being acceptable by
the Navy, This is another area which became
fairly prominent in these tests, Is anything
being done about this at the present time?

Mr, Forkois: I really don't know if there
is an answer to your question, The Navy has a
qualified parts list and I know my own testing
work has decreased in amount. [ have a feo -ng
perhaps many tests that are performed are not
valid at other places. This is not meant to
denigrate whatever they are doing, but it is a
fact that sometimes we are coming in with
tests which are way off base. You brought up
some valid points and one was this idea of quali-
fying a part because it was tested ten years ago
and then saying that's fine we don't have to test
that we will save $500. And of course they put
it into the assembly and it doesn't work and
they have a failure, They can't have the $500
to test it but they will spend $500,000C trying to
find out what is wrong with it, This is one of

the things that just continues, at least in my
experience, and it is just the tail chasing the
dog continuously,

Mr, Volin: Those of you who were present
at our opening session yesterday morning may
have heard Mr, Short discuss the Rivet Gyro
Program. In that discussion he mentioned some
cases where testing and perhaps even analysis
that should have been done was overlooked, As
a result of these oversights they often had to go
down to perhaps the piece part or the element
level in order to find the culprit and find a fix.
K testing and analysis are done carefully at the
beginning, we can obtain reliable equipment
and we don’t have to go back and spend perhaps
ten or more times than the cost of the original
test or analysis trying to find and correct
failures,

Mr. Hanks, (NASA Langley Research Ctr.):
Just for the record I would like to point out what
NASA in doing with regard to the Space Shuttle
Program to cut the cost of testing, and in so
doing we are leaning toward analysis. We are
developing analysis and a 1/4 scale model of the
Space Shuttle at the same time. We will use
the analysis to guide the testing of the 1/4 scale
model and then use the test results to improve
the analysis, and finally to test components of
the shuttle, We will aiso use analysis to put the
test results of these coniponents together to
produce the whole vehicle, to eliminate testing
on the entire vehicle.

Mr, Ibrahim (NASA Langley Research Ctr.):
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There are two dangerous problems facing our
modern technology: the first is over analysis
and the second is overtesting. I wonder about
an analyst who runs a program ihat occupies
the whole storage of a computer and takes
twenty hours to solve a six or seven thousand
degree equation together., He gets some results
out of it and says that is my analysis. At the
same time I wonder about the test engineer who
uses a fifteen ton shaker, or perhaps twenty ton
shaker, and who very soon will need an atomic
bomb to shake some structures. [ hope that the
analysts and the test engineers will spend more
time on simplifying their techniques and then
the problem may be solved. Simple analysis and
simple testing is ine solution for the problem
but people are now developing computers and
equipment {or vibration testing, and the tech-
niques that they are using wcre developed by
Keunely and Pancu in 1947, [ don’t say that one
technique is bad or that another technique might
e good but we have to improve existing tech-

niques and develop new techniques for testing,
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The analyst has to work to produce simpler
testing techniques aud this 1 guess will help to
solve the problem.

Mr, O’Hearne: [ might make a brief remark
at this point about the test people who did not
depend on their analysts by perhaps mentioning
one concrete example that I can think of. There

was an aircraft in which the flight test depart-
ment got the notion that they were carried away
with the weight reduction program. They took

a little balance weight out of the rudder; and

the result of that was an heroic pilot brought
airplane back with two thirds of the tail miasing.
For some reason they had not consulted engi-

neering.

PANELISTS CONCLUDING REMARKS

Mr. Irving: After listening to all of the dis-
cussion 1 have come to the conclusion that the
test engineer is about the best friend and analyst
has. 1 think that the time has come now where
«~e have to go a little bit beyond just friendship
and 1 say this because there are companies who
have made a marriage between the test engineer
and the analyst. We have analysis equipment
driving shakers and we have shaker equipment
doing analysis. 1think that now it is time for us
as individulas to get together and make this
samu marriage,

Mr, Schoonmaker: 1 certainly agree with
thrse remarks and 1 would just like to say that
this reiterates some of the considerations that
I1feel are should be taken into account. In the
marriage of analysis and testing and they are
equipment complexity, the operational criticality
of the equipment under question, the severity of
the environment, and last economic con-
siderations. Certainly analysis may be adequate
for some very non critical function and very low
severity environment, but for very complex
electro-mechanical gear 1 would feel that there
18 still a place for testing.

Mr, Forkois: I of course agree with two
previous summaries, However, 1did try to
emphasize the fact that there are unknowns that
we do not know about and even if we knew about
them we don't know how to handle them, we
don’t know how to put them in our equations, and
we may not even know how to put them into our
tests. So 1think I was trying to emphasize a
little philoscphical thought that maybe we
should have a little more humility and indicate
that when we don’t know we just don't know.

Mr. Eshleman: Test or Analysis? I think
today we have come to the conclusion that we
need a little bit of both, 1think that one of the
problems is that when we work on cost problems
that there has to be a trade off on who does what.
1 think the point that Mr. Ibrahim made a little
earlier about a simpler test and analyses is
good. And it would be worthwhile to spend more

time looking for those things. It gives us a
side effect to where we can actually have a
better feel for the hardware that we are testing
when we use simpler techniques,

Mr, Mains: 1 would like to urge each of
you if you are in a managerial spot to do the
most that you can to get your people to the
point where they are not just test engineers, or
just analysts, or just designers, but whatever
their primary function is that they are able to
carry over into the other parts of the operation
so that they have a better understanding of
what they are doing and why. You won’t find
many people who are all three but it would be
nice if we were all somewhat of all three; and
those of you who are not in managerial positions
I would urge you to try and find ways to get up
out of your tunnel and see how the rest of the
operation goes and take part in it as much as
you can so that you will understand the inter-
face between your work and theirs as well as
possible,

Mr, O'Hearne: Yes and we shouldn't over-
look the need for the deep specialist in every
organization, We need both breadth and depth,
I would like to reiterate my opening remarks
about the central position of the analyst. He is
the person who uses the test laboratory and the
computer laboratory and I think he has the
central responsibility because he is the man
responsible for the theory of what is being done
with respect to the design. In addition to that
I think that though we have bad analyses the
solution to those circumstances is rot to test
in the place of analysis, or to have a test engi-
neer control the test except for his instruments
and his on-ine analysis equipment. Another
point that I made during the course of the after-
noon is there is far more need for a critical
review of what we do because we do many
things badly, both test and analysis,
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SEISMIC SIMULATOR FOR

SILO CONSTRAINED MISSILE GUIDANCE PLATFORM

R. L. Felker
Rockwell International Corporation
Anaheim, California

A tast facility for subjecting a precision inertial guidance
platform to simulated seismic disturbances is described. The
facility controls, simultaneously, four independent motions
applied to the inertial guidance platform. These are three
rotational and one of three possible linear motion with
accuracies of one arc second rotational and .00] inch linear.
Details, unique features, and technical problems that were

encountered are presented.

INTRODUCTION

A test facility for simulating silo
constrained missile response to ground
motion was designed and developed by the
Environmental Test Laboratory at the
Autonetics Division of Rockwell Interna-
tional. The ground motion that is simulated
is a computer solved equation representing
possible field ser-ice conditions. The
nature of this motion, caused by randum
inputs (phase and amplitude) is complex
sinusoidal and results in a different pro-
gram or scenario for each set of constants
and variables in the computer solution to
the equation, The requirements for the range
and accuracy of each discrete part of the
facility were beyond the capabilities of
existing equipment, This condition seemed
to create an insurmountable task to assemble
not yet developed parts into a functioning
facility.

The test item was t< De an jnertial
guidance platform with roughly a 22 inch
diameter, spherically shaped case with
equatorial mounting pads. The platform
weighs approximately . 90 pounds. A standard
value of 5 lb-in-sec” for the moment of
inertia was satisfactory for facility design
purposes, The requirements were: rotational
accuracy of 1 arc second, &0 dB dynamic
range, linzar accuracy of .001 inch, 70 dB
dynamic range, DC to 5 Hz frequency response,
simultaneous multi-axis motion, and a moticn
derived from a complex waveform equa:ion,
After screening existing equipment specifi-
cations and reviewing the requirements, it
was apparent that a digital approach with
jrecision equipment was necessary. A three
degree of freedom rotational system would
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be necessary. However, a three degree of
freedon linear system was determined to be
beyond the scope of this program. A four
degree of freedom test system (3 rotational,

1 linear) with flexibility of linear direction
was conceived as being possible to develop in
the time frame and cost allowed and to satisfy
the objective of the test program.

The seismic simulator that was built can
be viewed as a 40 inch high, 3 axes gimbaled
assembly, itself subjected to linear motion
by being attached to a precision, 38 inch by
52 inch, linear slip table. (See Figure 1)
The slip table base is capable of being
positioned to provide linear motion in the
N-S or E-W or NW-SE direction. The rotatable
base is attached to a free standing reinforced
concrete seismic mass. The complete test
facility consists of four major components
plus a group of ancillary items which pri-
marily involve detection and monitoring
devices. These major components are 1) seis-
mic reaction mass, 2) a three axis gimbal
system for 3 degrees of rotation motion, and
4) an Integrated Control Console designed to
provide for command and control and a monitor
of all the various elements of the seismic
simulator,

SE1SMIC REACTION MASS

The reaction mass is essentially a solid
concrete block 14 ft. x 14 ft. x 8 ft, deep,
steel reinforced, of 2500 psi mix design., A
6 ft. 6 in, square by 3 ft. thick section of
the top southeast corner of the block was
omitted during the monolithic pour of the
block so as to provide a recessed '‘mounting
base" for the translational motion slip table.
The "mounting base” is of unique design and
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Fig, 1 - View of seismic simulator with test item mounted

required a high degree of precision not
normally encountered in this type of con-
struction. The base itself consists of two
surface plate precision ground granite
blocks, one on top of the other. The hottom
granite block is anchored to the concrete
mass by 16 one inch diameter steel bolts
which extend entirely through to the bottom
of the concrete mass. (See Figure 2) lesign
requirements dictated that positioning the
bottom granite block level was critical

since the reference level of the entire
motion simulator was based upon it, To
accomplish this, three hydraulic jacks were
imbedded in the concrete mass bencath the
granite block in a three-point suspension
layout, A special costing resin, possessing
a very low shrinkage coefficient was employed
as a grout between the concrete mass and the
granite block., Prccise leveling of the
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granite block was accomplished during the
set-up period of the casting resin {approxi-
mately 2 hours) by adjusting the hydraulic
jacks., At the end of a J4-nour resin cure
period, the second granite block was set on
top of the bottom granite hlock, A swivel
pin recessed ir the geometrical center of
the hottom granite hlock mates to a corres-
ponding bearing in the center of top granite
block, thus providing for rotation of the
top granite block with respect tc the bottom
block. The precision ground mating surfaces
of the two granite hlocks incorporate a
flotation air bearing to support the load

of the motion simulation equipment mounted
on top of the upper granite block; the pur-
pose of this bearing is to accommodate
rotation of the system for selecting the
direction of the translational input. Both
granite blocks were fahricated hy Mojave
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Fig. 2 - View of bottom granite base and positions for actuator base mounting

Granite, Physically, these blocks are

1) hottom: 66 inches x 66 inches x 16 inches
thick, and 2, top: in the shape of a octagon,
60 inches side to side and 9.5 inches thick,
The final error from level achieved as
measured on the top granite block was 2 sec

in the north-south axis and 20 fec in the
east-west axis,

The upper granite block is the base
for the hydrostatic slip table, By rotating
the upper granite block on the air bearing,
the slip table may be positioned to any one
of three azimuth positions: i.,e,, north
{0 degrees), northwest (315 degrees), or
west (270 degrees). These positions are
indexed very precisely by a tapered index
pin so as to ensure alignment with the
translational actuator stroke path, Kimbal
Industries designed or specified much of

the mass, granite base, and slip table inter-
face elements,

Mounting pads are provided on the mass
which attach the translaticnal actuator to
the concrete seismic mass, These are steel
plates approximately 2 ft, x 3 ft. x 3 in,
thick, These plates were also precision
leveled and grouted into the prescribed fixed
positions. Further, to provide maximum
stahility each pad was anchored to the con-
crete mass hy six l-inch diameter steel bolts
which extend entirely through the eight foot
thickness of the concrete mass itself in the
same manner as the granite block, (See Fig, 2)

One of the fcatures of this portion of
the tacility is that the seismic mass sup-
porting the motion simulator itself is free-
standing. There is no mechanical contact
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with the laboratory building other than the
soil upon which it sits. There is a two

foot space between the seismic mass and the
retaining walls of the pit in which it is
situated. This provides for isolation in
that disturbances from outside sources
affecting the simulator during extremely

low level motion are reduced. This isolation
also reduces the effect on the sensitive

test site equipment during large seismic
motions, Measurements during no programed
input and at various frequencies and ampli-
tudes in the range of the seismic prograss,
indicated at least 4:1 isolation between

the seismic mass and the building floor.

That is, the quiescent noise on the build-
ing floor was greater thar 4 times the noise
on the mass, During simulated program motions
in the linear N-S and E-W directions, the
mass moved at least 5 times the detected
motion on the building floor. The motions
measured covered 0.1 €e¢ to 2,0 €ec. Cable
trays were installed in this isolation space
to provide a convenient and unobtrusive

means of running utility lines to and from
the motion simulator, The seismic mass,
including the granite blocks, weighs approxi-
mately 108 tons.

TRANSLATIONAL MOTION SIMULATOR

This system is comprised of two main
components: 1) the slip table, and 2) the
actuyator, ltem 1) i1s a set of four special
Team Corporation long-stroke hydrostatic
bearings upon which is assembled a Kimbal
Industries mounting fixture that also serves
as a styucture uniting the four bearings
into one integrated moving member. ltem 2)
is an MTS Systems Corporation electro-
hvdraulic asctuator which provides the driv-
ing force to the fixture bhearings, The
system incorporates three unique adaptations
developed to help achieve the desired high
degree of accuracy from very small displace-
ments to the very large.

First, each bearing is mcunted on a
unique Team (orp. adjustable block. The
adjustment range is in micro inches. These
blocks werc developed in order to make the
tahle linear stroke nonrotational for the
f.:1 15 inch programed stroke. Fkach end of
eah 2djustable block contains a chamber
with a grease fitting access, A common auto
grease gun is u.ed to pressurize the chamber,
Each chamber requires s different pressure
up to approximately 3000 psi to level the
block, thus obtaining the desired nonrota-
tional motion, (Sce Figure 3).

Second, a special linear transducer
of the Linear Variable Displacement Trans-
former (LVDT) type is used as the position
feedback source for clur~d loop control of
the actuator, This transducer is in reality
two LVIT's mounted on the same shaft, One
has a full range of 1 inch for small dis-
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placements while the other has a range of
20 inches. Normally, the closed loop con-
trol transducer is a part of the actuator
itself, however, for this application the
LVDT is mounted on the slip table as a means
of improving accuracy,

Third, the coupling between the slip
table and the actuator consists of a high
frequency isolating elastomer. The purpose
of this elastomer is to reduce or eliminate
pressure pulsations, which are generated
by the actuator hydraulic pump, from reaching
the test item or being observed as accelera-
tion levels in any part of the moving fix-
ture. The actuator hydraulic pump configura-
tion and motor speed were selected to have
pusmp pulsations at 140 Hz, outside of any
calculated gimbal resonance. During the
initial design phase of the program, it was
learned that Dr. D. M, Onysko of the Forrest
Product Lab in Ottowa, Canada, had achieved
some success with elastomers for the same
purpose on a human factors motion simulator.
The supplier of the Canadian actuator and
our actuator, MIS Systems Corporation, pro-
vided four sets of elastomers to our facility.
It was necessary to conduct experiments
under seismic-simulator loading conditions
to determine which elastomer under given
conditions would provide the best isolation,
The only problem ercountered was insufficient
precompression. During maximum acceleration,
decoupling occurred leading to oscillation,
These experiments were accomplished during
the initial checkout phase of the facility.
Since these isolation pads are inside the
actnator servo loop, it became necessary to
find the best compromise between the true
transmission of applied motion and optimum
of damping for higher frequencies. Also,

a larger than normal "linc tamer" accumulator
was designed into the hydraulic system to
initially reduce the hyvdraulic pulsations at
the actuator input.

Two hydraulic power supplies are used
for the translational motion. One is for
the linear slip bearings and the other is
the power source for the linear actuator
that produces the linear motion. Roth the
power supplies are 2500 psi capability and
are located outside of the test site room
to minimize noise,

ROTATIONAL MOTION STMULATOR

This equipment is a J-axis rotational
motion simulator that utilizes the trans-
lational motion fixture as its base., The
J-axis gimbaled system is a modified Carco
Electronics Model S-460 structure. This
system is a I torquer drive motor configura-
tion with tachometer servo stabilization.
The gimbals are, for the most part, solid
cast magnesiurm with two end supports on the
two inner gimbals and a single end support
on the outer gimbal, The gimbaled structure
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Fig. 3 - View of top granite octagon mounting base and slip table

would essentially fit in a 4' cube. The
inner gimbal will accept a 23" diamter
spherically shaped test load, (See Fig, 1)

Becausc of the unusual requirement
for such a large, motion producirg piece of
eyuipment to sustain side forces, (itself
being subjected to motion), the single end
support of the outer gimbal was of special
desigr,, Two bearings, stiffened plates,
and precision dimensions for base interface
werc required.

Because the test item was to he moni-
tored extensively, special gimbal frames
were huilt with 3 optical access holes,
These access hols were in line with and
5" ahove the gimbal coordinates, The drive
motor and inductosyn stators located in the
housings were machined to allow maximum
optical access without degrading electrical
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or mechanical performance.

Fach axis has a 720 pole inductosyn
position transducer which is connected with
a digital system for .0001° re¢solution.
There are removable stops at -5° in all axes
and reduced-power switches at -3 1/2° on all
axes. Programahle motion must he within
these limits unless the limit switches and
stops are removed. (Then motion up to approxi-
mately -60° can he obtained on two axes and
-100° on the other axis, limited by cable
routing.)

Removable locking pins on each axis
maintain near zero position for power-off
conditigns, reycatahle to within approxi-
mately - ,0030° which far exceeds design
requirements, but after extensive use, a
desire exists for a less deviate pinning
position.
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INTEGRATED CONTROL CONSOLE

The control console consists of a 3 bay
Autonetics comsole attached to a 2 bay Carco
Electronics console, The Carco console con-
tains the electronics exclusively for the
3 gimbals, such as motor drive power ampli-
fiers, resolver and inductosyn circuits,
digital read-in and read-out chassis, power
supplies, etc, The Autonetics portion of the
5 bay console contains all data pro:essing
circuits. The digital signal processing
circuits contain de-multiplexing, input
arithmetic, output arithmetic and multi-
plexing furctions. The arithmetic circuits
convert - birary coded decimal signals to
circular coorcinate values of binary coded
decimal signals for the Carco input infor-
mation and reverses the process for the
output information, This console also con-
tains such devices as the MTS hydraulic
linear control electronics, 8 channel strip
recorder and seismic tiltmeter electronics.

The number of possible displacements
for motion is 5 axes (3 rotational and 2
linear) multiplexed in a time sequence as
follows: Roll, Yaw, Pitch, Linear North-
South and Linear East-West, Linear NW-SE
motion must be selected from and programmed
into one of the 2 available multiplexed
linear time slots.

NOTE: Only one linear motion at any
time is used,

The dynamic range of position informa-
tion required for the test was 80 dB, Due
to the tvpical analog recorder range of up
to 40 dB, analog recorders using a con-
ventional method were not considered. How-
ever, analog recorders were available for
this program, and their limitations and use
with digital information were evaluated and
found to be suitable, A digital signal of
up to 20 binary coded decimal bits was
required to define any position and was the
method selected. The 20 bits were split
into 2 groups of 10 bits and labeled coarse
and fine information and 1equired 10 tape
recorder channels for the 10 bits. Thus a
total of 10 segments at 0.5 milliseconds
between them resulted in each motion of the
seismic simulator being updated every 5
milliseconds or 200 times per second. Three
more channels were required, one for clock,
reset, and sign (polarity from 0). Thus 13
channels of the 14 channel wideband recorder
were dedicated to supplying position infor-
mation, The 14th channel had special pulses
and 1R1G format time code "B" multiplexed
toge-her, The 14th channel information
signals were kept separate and distributed
separately from the 13 channels of position
information.

The Integratzad Control Console input
circuits for each recorder channel cornsist
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of one stage of amplification and filtering,
adjustable one shot delay, and dats latches
and clock synchronization. After the 5 axes
of motion information is demultiplexed at

the latches, plus and minus BCD information

is «.ailable. The linear actuator electronics
accepts this format of information and North-
South or East-West is thus selected. How-
ever, the Carco electronics are wired for
ro*:tional values from 0, to 359.9999°. 1t

is necessary to convert -B(D values to
circular values, The srithmetic circuit
accomplishes this function., When the linear
input .s icquired to be E-N, the roll angle

is set to 90°. (Also a 45° input can be
selected for use of N-S or E-W information

or other special programmsing.) The roll
position information is converted to 90° :
values by selecting the desired angle with
front panel control of the arithmetic circuits.

For the recording of digital information
(of the programed motion obtained), the above
process of arithmetic functions and the multi-
plexing of the information back into the origi-
nal format is repeated in a reverse sequence.

The Integrated Control Console accepts
digital signals from either of two sources
during actual operation. The main signal
source is pre-recorded BCh formated data,
processed by magnetic tape. An alternate
input is from the Xerox 9300 computer in
real time control. (This computer is also
the source for the magnetic tape program.)
The magnetic tape is normally processed
for input to the control console at the data
control center within the Test Building,
about 300 feet frcm the test location,

Local control can be by digital or
analog or manual or any combination of
digital or analog signals.

PER1PHERAL FQUIPMENT

Other equipment used at the test site con-
sists of a linear and angular accelerometers
and their associated electronics, a linear dis-
placement monitor and remote readout, an
electro-optical tracker (Physitech), biaxial
tiltmeter, and communication equipment.

The Endevco Corp, linear acceleromete
monitors motion from -lg to approximately -50
micro g's limited by physical and electrical
noise, Two Systron Donner angular acceleg-
ometers monitoy motion from -1 radjan/sec” to
approximately -1,0 milliradian/sec”, again
limited by physical and elegtrical noise. The
roll axis accelerometer is -0.5 radian/sec
maximum, The linear displacement monitor has
.0005" resolution and ,001" accuracy. The
optical tracker is used for monitoring motion,
with limits and accuracy varied depeiding on
the lens used. 1t is also used for
closing a servo loop on the roll
gimbal du. 'ng a change in position
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of the linear drive assembly, Tie gimbals
(hence test item) remain at the same compass
heading while the linear drive axis is
oriented to & new coapass heading, The bi-
axial tiltmeter is a Rockweil International
commercial version of the Minuteman tilt-
neter, 1t is used to monitor the seismic
reaction mass for seismic disturbances
during a test and detects sotion to one
percent of an arc second (1/3 arc second

is the typical observed vilue due to motion
programing during s test).

TECHNICAL PROBLEMS

Technical problems, encountered during
the build-up phase of operations, were
serious due to the extreme time schedule
required and consisted of the following
major areas of endeavor: (a) seismic mass,
{b) biaxial tiltmeter, (c) tape recorder
aligmment, (d) electrical noise, (e) linear-
ity of Carco servo loop, and (f) Carco/A.A,
Gage finc-coarse switch circuits. A brief
explanation of these problems is listed
below:

(a) The seismic mass preparavion problems
started with the initial hole-in-the-
ground. Between awaiting decisions
on new federal regulations on safety
and the completing of the walls of the
hole in the ground, the earth dried out
and some of the dirt sides of the pit
collapsed, The contract had to be re-
negotiated, and the new contract called
for enlarging the evacuation area
nearly 4 times the original floor
2rea to prevent cave-ins, This in-
creased costs and, more importantly,
delaved the scheduled completion time.

(b) After the initial installation of the
biaxial tiltmeter 1n the middle of
the seismic mass, a slow change in the
tilt of the mass was indicated. &
factory check of the tiltmeter elec-
tronics revealed satisfactory operstion.
The question of seismic mass stability
versu. tiltmeter stability was answered
by extensive checking which showed an
anomaly in the tiltmeter sensor which
was Trepaired.

{c) The tape recorder alignment problems
became evident, only after trial runs
were performed., Deviations in head
alignment are allowed by IKIG standards
as -,001", Extreme tolerances were
discovered between the recording
recorder and the playback recorder.
Variable tape friction, skew, speed
deviation, and tape temperature werc
problems to be reckoned with., Also,
the odd channel-even channel dimension
tolerances were beyond tolerance of the
1CC circuitry, 1Individual channel delay
circuits (one shot monostable multi-
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(d)

(e}

(f)

vibrators) were installed and the attend-
ant rewiring of the computer-wired
chassis was necessary.

Electrical Noise - In the console,
excessive susceptibility to electronic
noise necessitated redesign of input
circuits and digital clocking circuits,
These problems became evident after

test runs were initiated. After re-
design and due to remsining infrequent
noise “spikes” fed into the drive cir-
cuits, the source of the spikes was
difficult to isolate. While investi-
gating recorded tapes, the Xerox com-
puter was discovered to be a comtributor
to some of the spikes. The problem was
solved by Xerox, Envirommental chasbers
outside the test site room on the same
power lines were the main remaining con-
tributor to the occasional “spike® felt
by the system,

Flectrical noise from laboratory equip-
ment occasionally caused false digital
bits and occasionally caused impulses in
the analog signals. Considersble time
was spent in disgnosing the source of
and the input path of noise. Power line
filters were installed. 1n addition,
due to ohserving the noise and its
results, an analog filter and a safety
slow-shutdown circuit was designed and
installed before the linear circuitry
for the possible occasion of a tape
recorder malfunction or other cata-
strophic failure, Further work of
isolation and nois. suppression was
centered in the A. A, Gage digital cir-
cuits of the Carco 3 gimbal system.

Iuring the initial calibration and
idcceptance tests on the Carco unit, it
was discerned that the linearity-
frequency response of the system was

not acceptahble, The system response was
acceptable in the area of 0.1 to 1 Hz,
but a 5 liz the gain was not within speci-
fication. (Carco, after extensive effort,
improved the servo loop response and the
system was again recalibrated, The
response of the system then met the speci-
fication criteria.

The tLarco klectronics digital circuitry
procured by Carco Flectronics from A.A.
Gage exhibited a subtle problem during
the checkout phase of operations. With

a digital input signal approximately 1°
in ampli*ude or greater and about 1 Hz,

a switchover from fine to coarse error
signal in the A, A. Gage sub-chassis can
occur due to phase lag of the servo loop.
The switchover is normal, but a transi-
tory change in acceleration was occurring,
This was due to a drift in the coarse
error voltage and not matching the fine
error voltage in a random marner.
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Extensive investigation with experi-
mental circuit changes were evaluated
during the checkout phase. A series

of discussions with Carcc followed
vhich resulted in a completely re-
designed circuit, recommended by
Autometics. This circuit was installed,
evaluated, and determined to be jerk-
free and stable.

The results of all measurements indi-
cated a complotely acceptadble per-
formance of the eatire seismic test
facility, Rotational nlueg from
- 1/3 arc second to almost -3° and
frequencies to approximately S Hz were
programed in the various scemarios,
inear values from 2,001 to almost
-7% and to approximately S Hz were
included in the programs.

TEST PROGRAM

The test program consisted of 17
scenarios or seismic simulation test pro-
files with different parameters, labeled
A-1 through A-12 and B-1 through B-5,
Each scenario was determined to be a dis-
tinct set of parameters by Ballistics
Engineering.

Prior to the application of each test
scenario to the test jtem, a complete
recorder test run was performed (without .
drive power applied to supply motion). The
primary purpose was to adjust the digital
timing circuits foi optimum time delays and
compensate for variations in each tape
scenario from a previous scenario and to
verify the data on t'e tape, Due to the
long time period required to obtain the
complete set of 17 scemarios, different
recorders, different computer to analog
wiring dressing, and different equipment
were utilized during the fabrication period.
These variations influenced the recorded
digital data hits timing in relation to the
clock pulses and to each other, from tape
to tape,

The scenario tape was played on a
Sangamo 4700 recorder in the Data Center,
The output was patch-cabled to the test
area signal junction boxes' master patch
at the Data Center master patch panel, The
signals were received at the test site sig-
nal junction boxes and processed through
the buffer amplifiers to establish ground
isolation between the test site and the
recorder location,

TEST MONITORING
The seismic motion was monitored for
displacement and acceleration. The 3 axis

Carco Electronics system utilizes digital
position information for servo control,
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This digital information was availsble for
monitoring and was used for all tests.

Carco also has analog position information
svailadble, vhich was also used for all tests.
The MTS linear system has an analog to
digital ard a digital to anslog comverter
incorporated in the signal output and input
lines. The digital position informstion from
all four motions was multiplexed in the
Control Console and the resultant output
signals connected to the test site signal
commection box. These signals were then
connected via the master patch panel in the
Data Center to a recorder for permanent
record of the test. In addition, analog sig-
nals were monitored via the strip chart
recorder. Position command and test fixture
acceleration signals were the main signals
monitored during a test. The seismic tilt-
meter and position output signals were
occasionally monitored. (See Fig. 4)

Also, an analog magnetic tape recorder
Yocated at the test site was connected to
the 4 axis analog position information and
three Davidson optical auto-collimator out-
put signals. Time code formats 1RIG "B" and
"C" were used to correlate all recorders.

CONCLUSION

This unique equipment has been in ser-
vice for over one year and has been a success-
ful adjunct to inertial platform improvements,
Because of the built-in flexibility, numerous
special tests beyond the original concept
have also been performed. Seismic environ-
ments of 1/40th scale were performed. This
1/40th scale was performed in digital mode
for precise reference and was programed
analog by a simple signal attenuation network
attached to a D/A converter. Various coa-
binations of analog, digital, linear, and
rotational deviations from normal testing
have ensucd, Other special tests such as
post launch and large assembly simulation
have been performed. In addition, other
engineering groups are preparing their test
programs to include a proposal to utilize this
facility,
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EARTHQUAKE RESPONSE OF COMMUNICATIONS
EQUIPMENT IN SMALL BUILDINGS

N. J. DeCapua and F. X. Prendergast
Bell Laboratories
Whippany, New Jersey

INTRODUCTION

Farthquake grotection of telephone buiidings
and equipment has always heen a desigm con-
sideration in areas of high seismic activity. In
the past, design practices were provided by
considering existing earthquake historical data
to assess seismic risk, and employing available
analytical toois to design buildings and equip-
ment. However, these techniques were inade-
quate in many cases for analyzing compiex
structures, Great advances have been made
during the last decade in seismic risk analysis
and structural dynamics. Computer codes have
been deveioped for analyzing the dynamic res-
ponse of complex building and equipment con-
friarations to earthquake excitations.

The earthquake response of multiple rows of
tail siender equipment frameworks in small
single -story Community Diai Offices (CDO) 1s
studied in this paper. The buildings housine
this equipment are typically constructed of
either concrete biack or wood framing. They
are usualiv located in suburban areas where
farce and {ast popuiation growth has necessi-
tated additionai telephone facilities.

Typicai } quipment-Bracing Configuration

Ficure 1 is a schematic representation of a
tvpical equipment-support structure. F quip-
ment franie lineups are tied together at the
9-font fevel by cross-aisle cable racks and
steel anvie braces (indicated as lineup braces).
On the Conmimon Distribution Frame (CDF) side,
the frames are attached to the building waii by
horizontaiiv oriented steel angie braces. Fquip-
ment frames oppnsite the CDF are in many
cases larve distances from the outside wali and,
therefore, nit attached directiv to it,

. The earthquake response of multiple rows of equipment h'amf.-worksj
"braced to the walls of small single story buildings is examined. A
general procedure, based on finite element analyses of actual equip-
ment and building configurations is developed for determining earth-
quake bracing loads. Dynamic equipment-building interaction is in-
cluded and is shown to have a significant effect on the support system

| loadings. The results of the analysis are used to determine bracing

leds for a wide range of office configurations,

Failure Modes

The most })robable earthquake-induced fail-
lure modes of the CDO bracing system shown
in Figure 1 are due to: (1) b\lcﬁling of the wall
braces under excessive load, or (2) tension
failure of the connection between the wall brace
and the buiiding wall.

A series of tests were conducted to deter-
mine the loads required to cause the failures
indicated previously. The wall brace connec -
tion to the building proved to be the weakest
link in the support structure. As a result of
this the primary objective of this study is to
determine the forces in the wall braces,

This discussion pertains to the weak-
stiffness direction as depicted in Figure 1. The
configuration in the long direction is such that
the stiffness of the equipnient frames bolted
together and to the floor is more than adequate
for earthquake loadings.

ANALYTICAL PROCEDURE

The deterniination of loadings in the equip-
ment braring system and the resulting possi-
bility of failure of this configuration are deter-
mined by the following reneral procedures:

1. The actual equipment-bracing-inilding
structure is a continuous three-
dimensional system, which can be
mndeled with beams and trusses into an
equivalent two-dimensional mathematical
representation, so that avaiiabie dynamic
computer programs can be employed,

2. The frequencies and mode shapes of the
structure's equivaient mathematical
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model are determined by employing a
finite element program called SAP [1,2].*

3. The dynamic response of each node point
in the structure is determined for the
appropriate earthguake forclng function.

4. The peak loadings in the bracing system
are determined.

These procedures are performed for a number
of different office ccnfigurations.

Assumptions and Features Employed in
Analysis

The entire analysis is linear from the fre-
quency and mode shape determination to the
calculation of peak loadings in the braclng
system, This assumption is justified because
of the small displacements, and hence elastic
responses, that result from the dynamic
loadings.

Caoupled eqnipment and building responses
are included. In most other seismic studies
equipment and building responses are assumed
to be uncoupled because the building mass is
su much larger than the equlpment mass. How-
ever, as shown later in this study the equipment
mase is comparable to the bullding mass, and
the coupling effect is significant,

To reduce computer time usage, only the
weak direction horizontal motions are included.

*Numbers in brackets designate ref erences.

This is justified by the physical configuration
of the system and some initial calculations,
which indicate a negligible vertical response
contribution to the loadings in the bracing
system,

All connections to the ground are either
pinned or clamped. The implication of this
assumption is discussed in a later section. In
addition, all members are considerad as either
beams or trusses.

Analysis of a Typical Office

To illustrate the analysis methods mentioned
above, consider the floor and cabling plans of a
model office, as shown in Figure 2, The main
aisle running from left to right in the floor plan
is used as a natural break in the physical lay-
out. The analysis considers only the equipment
shown below this aisle,

The "weak direction” of motion is from
right to left in Figure 2. It is assumed that the
lineups move in this direction uniformly, i.e.,
there is no twisting in any of the lineups. This
should be a conservative assumption since it
makes the entire mass of each lineup move in
the same direction at the same time, thus in-
creasing the maximum forces in the bracing
system. This assumption makes it possible
to model the entire three-dimensional physical
system as a two-dimensional structural model,
as shown in Figure 3.

Each equipment lineup is represented as a
a vertical beam with geometric and physical
properties determined by considering the whole
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Fig. 2 - Floor and Cabling Plan of Typical Community Dlal Office

llneup. Wall and llneup braces are modeled as
trugsses, Cables running in the dlrection of the
lineups are assumed to be concentrated loads
located at the top of their respective lineup,

The walls and roof of the building are
modeled as beams, one vertical beam for each
wall and a horlzon{al beam for the roof, using
properties from the actual CDO bullding. The
effect of the end wall mass is taken Into account
by doubligf the welght of the roof section as-
soclated with the lineup model. The effect of
the end wall stlffness Is considered by adding

RS

two "phantom'’ trusses. These trusses areused
to "tune" the lowest mode of the bullding to 2
speclfic natural frequency. This was achleved
by uncoupling the equipment from the building
and adjusting the area of the "phantom" trusses
until the desired building frequency was ob-
tained. The resulting building model was then
attached to the equipment model, as shown in
Figure 3.

In thls particular example the lineups are
represented as beams with "built-In" connec-
tlons to the ground. In addltion the bullding 1s
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assumed to be flexible with a natural frequency
of 10 Hz. This latter assumption is based upon
the construction of typical one-story Bell
System CDOs and documented ‘3] inforination
pertaining to buiiding frequencies, Other vari-
ations were made during the course of the
analysis and are discussed in Results of Com-
puter Analysis.

The computer program SAP was used to de-
termine the natural frequencies and raode
shapes of the model. Plots of the first four
modes are shown in Figures 4a through 4d.
Mode shape one, Figure 4a at 2.61 Hz, corres-
ponds primarily to the movement of the CDF.
This is expected because the weight of this iine-
up is much larger than any other iineup, The
second mode shape, Figure 4b at 8,64 Hz, is a
complex mode that includes coupied bullJlng
and equipment motion, Thus, the 10-Hz building
uncoupled frequency ls actually reduced to
8.54 Hz when the effect of the equipment is in-
cluded. The third and fourth modes, Figures 4c
and 4d at 10.60 Hz and 10.90 Hz, represent
equipment modes. Mode shapes similar to
these occurred in all other CDO models, which
Included 1 CDF and a 10-Hz building.

For the dynamic anaiysis a modal damping
value of 2 pevcent of critical was used for ail
frequencies. This assumption is reasonabie for
the equipment modes; however, building damp-
ing should be higher {(5to 10 percent of cri: ral).
Since the second mode is a complex building
and equipment mode, using 2 percent damping
results in an added degree of conservatism.

The forcing function used is the acceleration-
time history of the El Centro North-South 1940

earthquake, which has a peak acceleration of
315 g's.

Absolute accelerations and relative displace-
ments of each mode in the model are deter-
mined. In addition, the maximum relative dis-
placement of each node, the maximum relative
displacement between any two nodes, and
forces in the bracing system are computed.

Tabie 1 shows the forces in the iineup and
walil bracing for this particular example.
Notice that the wall brace iocads are much
higher than the lineup brace loadings. This is
an expected result since there are inherentiy
more lineup braces, and also, the wali braces
ts’uppox't more equipment weight than the lineup

races,

TABLE 1

Wali Brace and Lineup Brace Loads for
Typical Office Due to El Centro Earthquake

Nodes Force Per Brace (ib)
1-2 670 Waii Brace
2-7 227
7-12 142

12-17 119

17-22 132 Lineup Braces

17-27 201

22.27 289

27-32 318

32.37 857 Wall Brace
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RESULTS OF COMPUTER ANALYSIS

In this section the analytical procedures are
applied to a series of CDO models. The results
of these computations are presented and syn-
g\sgized iato general results applicable to any

Model Configuration

Five CDO models, of various sizes, were
analyzed by the methods previously outlined.
The largest office was separated into three
sections determined by the natural breaks in
the equipment configuration, Each of these
equipment sections was analyzed separately,
making a total of seven different office configu-
rations that were investigated. These seven

offices were analyzed with various ¢ .: -’ .aations
of loiguipuwnt connection to the ground, and

h‘n ing flexibility, resulting in a total of

14 cases.

Fore Function

The North-South component of the May 18,
1940, E1 Centro earthquake is used as the basic
design environment in this study. This is gen-
erally accepted as a severe’ earthquake en-
vironment. Figure 5 shows the time history
and acceleration response spectra of El Centro.

Coumputer Results

The results for all of the computer runs
(due to El Centro) ar~ tabulated in Table 2.

TABLE 2
Tabulated Results of Computer Analysis Due to E1 Centro
i Number of Total Wall Force Per
| Equivalent Braces Load (1b) Brace (lb)
Model* ‘ L h
i (1t CDF | OPP | CDF | OPP | CDF | OPP
i Side | Side | Side | Side | Side | Side
S T
1-P-R | 44 1 | 3 430 1,790 430 | 600
2-P-R 9 2 3 2,160 3,890 1,080 | 1,297
3-P-R 141 2 5 2,360 5,970 1,180 1,194
4-P-R 268 10 7 7,802 5,101 780 730
4-P-D 268 10 7 113,000 11,100 1,300 | 1,587
4-F-D 268 10 7 6,700 6,000/ 670 857
5-P-R 299 14 7 11,670 5,568 | 834| 1795
5-P-D 299 |14 ] 7 115,560 110,378 | 1,111 | 1,482
5-F-D 299 i 14 i 7 10,386 6,825| 741 975
6-P-R 10 | 10 | o |10,508 0| 1,051 0
6-P-D 170 10 | 0 15,250 0] 1,525 0
6-F-D 170 I 10 | 0 9,650 0 965 0
| 7-P-D . 72 .3 0 6,800 02,267 0
u-F-D | 72 | 3 I 0 5,040 0| 1,684 0
*Model Notation
- Office Number
Seven offices notated 1 through 7
- Type of Beam Connection
Pinned (Simply-Supported) P
Fixed (Built-in-End F
- Building Flexibility
Rigid R
10-Hz Natural Frequency D
- Typical Usage
Office 2 with built-in beams
and 10-Hz building 2-F-D
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Equivalent length is defined as the length of the
CDF times four, plus the length of the remain-
ing lineups in the office, It ?rovides a number
afproximately proportional to the total weight
of the equipment in the office, and can be used
as an “office size” parameter.

Figure 6 is a plot of Total Wall Load versus
Equivalent Length of Lineup for three types of
models: (l; yinned base equipment and a 10-Hz
building, (2) fixed base equipment and a 10-Hz
building, and (3) pinned base equipment and a

rigid building. The total wall load indicated is
the sum of the CDF side and OPP (opposite
CDF) side wall loads from Table 2.

It is obvious from this plot that there is an
almost linear relationship between wall load
and equivalent lengt.a for each of the three model
coigurations. This was expected since, as
indicated previously, the mode shapes and
frequencies of each office model are =
mately the same, Thus, the major erence
in the response for each model type is

o
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Fig. 6 - Total Wall Load vs. Equivalent Length
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primarilv a linear function of the total weight
of the eqaipment,

Figure 6 also shows the large differences in
response due to changing the building charac-
teristics and changing the type of beam connec-
tion between the lineups and the ground. In botk
cases, the re ses are almost double, Con-
sidering this , two 23sumptions ai'e made,
First, since the 10-Hz buildiny is 2 morz real-
istic resentation of the CDO buiiaings and
has such a significant effect, only the results
from the 10-Hz building models are considered.
Second, since the connection of the equipment
to the ground is neither pinned nor fixed, but
somevwhere in between, it is assumed that the
true response is approximately halfway be-
tween the two different beam-end condition re-
sponses, Therefore, the solid line on Fig-
ure § represents the total wall load as a func-
tion of equivalent length (office size) based on
these assumptions. This linear function can be
used in conjunction with bracing failure levels
to determine bracing requirements for any
size office.

SUMMARY

A study of the earthquake survivability of
wall-braced equipment in smal! buildings has
heen completed. Tests show that the most
vualnerable part of the ipment-sapport struc-
ture is the connection of the equipment to the
building walls.

Expected earthquake induced loads in the
equipment-wall connection were determined
by:

1. Developing a coupled building -equipment

mathematical model representing the
actual facility,

DISCUSSION

Mr. ('Hearne: (Martin-Marietta) Was vour forcing
functinn the longitudinal motion of the floor?

Mr. DeCapua: Yes, horizontal motiona,

¥Mr, O'Hearne. You didn't indicate how vou
solved the es:ations.

Mr. DeCapua: We performed an exact solution of
the transient equations of motion in the modal
analvais where all modes are included.

Mr. 0O'Hearne: Did vou use a digital computer?
Mr. De Capua: Yes.

Mr, O'Hearne: That is a large number of cyclic

forcing functions. Did you have a problem with
numerical stability”

2. Determining frequencies and mode shapes
of the model employing finite element
somputer codes.

3. Determining the dynamic response of the

mode] due to the expected earthquake
excitation.

4. I'eiirmining peak loadings in the equip-
* ent support-structure,

The unique part of the analysis w: s including
dynamic equipment -building interaction. In
most other seismic studies equipmen! and build-
ing responses are assumed uncoupled. However,
for the specific facilities studied, where the
equipment weight is comparable to the building
weight, this coupling effect is shown to be
significant.

These procedures were applied to a variety
of building-equipment configurations, The re-
sults indicate that there is a linear relationship
between total equipment weight (office size) and
total peak support-structure loads. This linear
relationship can be used to develop general
equipment bracing requirements.
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Mr. DeCapua: No we didn't have any trouble
with the atability or with computer time in
this problem. It {s hecause we considered low
frequencies so that the computation interval
waa not that small and the total computation
time was not that large.

Mr. O'Hearne: 1| couldn't tell what boundary
condition you uaed from the diagram of your
mode shapea. Were the franec all fixed at
the base to an unmoving floor?

Mr, DeCapua: The frames were, in some caaes
pinned and some casea fixed, we did both.

The building was fixed to the ground and the
floor motion was the lateral earthquake motion.

Mr. O'Hearne: That ia what 1 thought and I
would suggest that a better houndary condition
would be to do the eigen analysia with the
floor free to move longitudinally,in that way
you don't have to mass couple the rigid hody
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and you have s diagonal set of equations
motions in the generalized coordinates. I
think your frequency specirus for this kind
of solution would bas better fi.r those boundsry
conditions.

Mr. DeCapus: The boundsry roniitions thet I
choee ere typicel of the boundary conditions
in this type of problem, the inpuls were es
precise end es eccurate es we could meks them
so I don't feel thet we could impreve the
enalysie.

Mr. O'Heerne: I'm not telking ebout your ect-
usl physicel boundsry condi‘ions, but the
generelized coordinates in which you solve the
equations, 17 you use the boundary conditions
wvhich I just indicated you would .eve no mess
coupling wi*h the rigid bo?; mode. You would
hsve e different spectrum which might be more
suitable for your solution. There wes e Bell
Labs peper thet wes presented et this meetling
lest yeer in which e set of vodes, similer to
yours, were used for the same type of
circumstences.

Mr. DeCepus: It wes quite e bit different.
Our input motions ere ectuallv the ground
motions we ere nct modeiing the soil et ell.
In that peper there wes e so0il model end so
you did get the rigid body building motion in
the soil. That perticuler peper wes quite
different from this one.

Mr. Butzel: (Boeing Compeny) Whet would heve
hsppened {f you hed eccounted for the soil
motion? How wouli that heve influenced these
riximum brecing loeds?

Mr. Defepua: [t {s not thet ve didn't eccount
for it. It's thet the environment {tself,

the El-Centro Eerthquake environment, is the
soil motion, There ere other models which
ectuelly generete the soil motion in the enaly-
sis. But we essumed thet the free field motions
thet we hevs ere the actual ground motions, end
these ere the motions et the besre of the
building. The El-Centro Eerthquake wes e
meesured ground motion. So we ere not modeling
any soil structure interection, beceuse this {is
the wotion of the soil in our perticuler configu-
retion,

Mr. Butzel: 1Isn't it conceiveble that the size
of the building thet you enalyzed could change
the epparent soil motion?

Mr. DeCepus: 1t is possible, but I think thet
the size of this building wes smell so that

the soil motion eround it probably would not
change significently. But it is quite different
for lerger buildings.

Mr. Butzel: You mentioned thet these types of
buildings are often of wood, brick, or conctrete
block construction; how would the type of
building construction influence the size of the
bracing loads thet you cen tolerete? A concrete
iock building typicelly fells apert rore easily
then freme buildings under earthquske excitation.

Mr. DeCepus: The buildings themselves are also
designed for eerthquake excitations. We arrived
et loedings thet were exerted by the equipment
on the building well end they were such thet
both the freme end rhe concrete buildings

could withstend them; the week link in the
system wves the support structure of the
equipment to the building.

Mr. Butzel: Mr. Schell suggested thet your
results could conceivebly depend quite criti-
celly on the seme mies density of equipment.
The fect thet you heve similerity in mode shepe
behevior, what heppens if the mass loeding
chenges so thet the modal ectivity is different?
Would that chenge these results significently?

Mr. DeCepus: Yes it will, But we heve exemined
the wvhole spectrum of community diel offices.
Although the size of the office 's Jdifferent,
they ell heve similer cherecteristics since
they heve certein types ci frem's end types of
equipment; the line ups are such "het, in the
entire spectrum of equipment thet we exemined
ell hed similer dynemic cherecteristics. o we
feel that ell of the offices ere within this
sree. If they ere different then the results
of course don't epply, and this depends on the
differences in their dynemic cherecteristics.

Mr. Butzel: Do you heve eny wey cf determining
eheed of time when you ere within sefe limits
to use this type of curve? When will you lose
thet similerity?

Mr. DeCepue: We heve epproximately 100 of these
offices in Celifornie, we heve exemined the
equipment configurations, end we have convinced
ourselves thet ell of them gsetisfy the same
dynemic charecteristice es this model.
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Mr. Stehle: (Ceneral Electric Co.) Ycu heve
anslyzed a perticular earthquake, the tims
hietory of the El-Centro Earthquake. How do
you take into eccount the¢ fect that it {s not
the most severe esrthquake thet you might
consider?

Mr. DeCapua: Of course it is not the most
severe eerthquake it had e Richter msgnitude

of tougnly 7,1. 1t is possibie thet Californie
conld experience an eerthcuake of R.chter
wagnitude of 8 but we heve elso been doing
seismic studiea simultensously to thewe struct-
ure! studies fo determine what is a typicel
earthquake with verious return periods. For
exerple, if we consider that our equipmen® has
e fifty yeer life we would want to determine
whet is s tvpical earthquake that we could
expect in Celifornia with ¢ fifty veer return
period.

93

E’-Centro fite these charecteristics, ¢ fifty
year return period for your buildings,

wore precisely thac a Richter magnitude 8
eerthquake. So we feel it is ¢ good environment
for our fecilities but I went to emphesize thet
it fsn’'t the worst cese. I: is possible thet
Californie could experience ¢ more severe
eerthqueke but thet probebility is small.
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SEISMIC ANALYSIS OF MOTORS FOR NUCLEAR POWER PLANTS

L. J. Taylor
West inghouse Electric Corporation
Buffaio, New York

N. M,

and

I1sads

State University of Xew York at Buffalo

Quaiification anaiysis of Seismic Category i rotating electrical |

equipment using the Response Spectrum pius MModal Anslysis tech-
nique is described. Fquations for a {umped-mass singie degree of
freedoa systea are vritten in terms of influence coefficients and

solved using matrix iteration.

Spectral accelerations are then

used to obtain equivaient static forces for stress and deflection |

anaivses.

Before atomic power became a practical
large-scale energy source, consideration of
seisnic design was generaliy restricted to
bulidings and other tail flexibie structures.
With the recent construction and licensing of
nuclear power plants, the potential hazard of
an uncontroilable reiease cf excess radiovactiv-
{tv aa the resuit of an earthquake is of great
concern. it is of the utmost importance that
those systems and coaponents in the plunt which
are vital to safe operacion or shutdwm (Seis-
mic Categovy 1) naintain both structural and
functionai integrity during and afte: *he worst
possibie seismic disturbance. inciuded in this
category are alternating-current induction
motors used to drive punps as vell as fans for
the cooling and recirculation of containment
alr,

As a part of the Safety Analysis Keport
required in the licensing procedure, documenta-
tion must be provided to show that all safety
relatr.d equipment meets the seismic require-
sent, of that particulsr plant. A properly
designed test of the equipment under simulated
earthquake conditions can provide accurate and
reliable results, although special facilities
are generaily nceded and the testing is rarely
inexpensive. 1t is possible, hovever, to
qualify appsratus for sefismic duty through suit-
able analytical techniques, several of vhich
will be discussed here.

The first step in any analysis is to de-
velop a mathematical nodel for the system to be

Preceding page blank
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studied. Exireme care and good engineering
judgenent are necessary in estabiishing this
nodel since the accuracy of the results Aepend
strongly on how well the model represent: the
actual phyvsical system. Deveiopment of some
of tlx. necessary parameters for analysis may
require some supplemental testing.

An alternating-current induction motor
consists of a wound stator which i{s pressed
into a frame harrei, tvwo end brackets, and a
shaft/rotor core assembly supported by two
bearings (Figure 1). Torque production is the
resuit of the interaction of the magnetic
fields of the stator and rotor. The end brack-
ets are of cast ircn and are weil ribbed both
internaiiy and externally. The frame is also
of cast iron. The assembly consisting of the
frase, stator and end brackets is msuch stiffer
ant has a wmuch larger mass than that of the
shaft/rotor core assembiy. It ran be assumed
then that the non-rigid system of interest for
ana’ .sis is restricted to the motor ahaft and
the masses which it supports. The problem is,
therefore, reduced to that of a beam simply
supported by twn bearings.

This type of construction is typical of
motors through 400 horsepower up to NEMA
(National Electricai Manufacturers Asrociation)
frame 449T7. Maxisum motor veight ic approxi-
nately 2000 1bs. which is small compared to the
building in which it would be located. Conse-
quently, the motor can be modeled independently
from the supporting structure. For cases wvhere
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Fig. 1 - Typical construction features totally anclosed a.c. induction motor.

the mass of the equipment is no. ralativaly
s24l] or whera flexible aquipment supports ara
usad, independent modaling is not justifiadble
and the antira systam msust be coasidered in a
single mathamatical modal.

A common application of an induction me-
tor as Saismic Category 1 alactrical aquipment
is in tha Reactor Containment Fan Coolar (RCFC)
System. The function of this system is to
provide cooling and air recirculation within
tha raactor primary containment. The motor
generally has a two spead winding. During
norsal operation, the motor performs at the
higher horsapower and speed. 1n the event of
a nuclear accideut, a.g., a pipe ruptura, tha
motor is switchad to lcw spead and horsepover

operation. During accidant conditions, tha
motor must functicn to circulate densa air
containing high prassura, high tamperatura
steam containing a decontaminant chemical spray
intended to reduce the radiation lavel of the
containment environment. In line with tha
conservative design principlas employed in
nuclaar power plant dasign, icr is postulated
that a seismic avant occurs during jusl such
an accidant.

Figura 2 shows a typical RCFC shaft/rotor
cora assambly. A two-stage fan is illustrated,
with identical impellers mounted naar the end
of each shaft e.tansion. Betwean tha two bear-
ing supports 4s the rotor core assembly. This
~ystem can be modalad as a lumped-mass system
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Fig. 2 - Shaft and rotor assembly with two shaft mounted impellers.

with the masses connected by massless elastic
members through the interaction of the shaft
and bearings. In selecting the number and lo-
cation of mass points necessary to describe the
system, the criterion to be used is that the
shaft distortion be accurately represented bv
the displacements obtained. As a guide, mass
peints should be assigned to any component of
mass having a deflection dlffering significant-
ly from an adjacent mass.

For example, for the assembly shown, the
mass of each impeller can be considered as
acting over a fairly short length of shaft and
each mass can be treated as a single mass act-
ing at its center of gravity. On the other
hand, the rotor core may be fifteen to twentv
inches long. As a result, three or four dis-
tinct mass points would be necessarv, each
representing a section of the core and each
located at that sectlon's center of gravity.

Varicus Industry standards and guides have
evolved which dea! with suggested methods of
analvsis and testing of electrical equipment.
The most signiflcant such document yet produced
is probably IEFE No., 344 (institute of Electri~-
cal and Electronics Engineers), Guide for
Seismic Qualiflcation of Class 1 Electrical
Equipment for Nuclear Power Generating Stations.

It is the intent of this guide to provide di-
rection for establishing procedures which will
yield data verifying that Class IE equipment
meets performance requirements during and
following a Safe Shutdown Earthquake (SSE).
The SSE is that earthquake producing the maxi-
mum vibratory gound motion that the ruclear
povwer plant is designed to withstand without
functional impairment of those features neces~
ssry to shut down the reactor, maintain the
station in a safe condition, and prevent undue
risk to the health and safety of the public.

1EEE No. 344 permits the use of any justi-
fiable method of analysis although two particu-
lar approaches are stressed - Static Analysis
and Dynamic Analysis using the Response Spec~
trum Modal Analysis technique. Use of the
Static Analysis is limited to rigid equipment
which can be shown to respond as a single
degree of freedom system. Seismic forces are
obtained by multiplying the muximum expected
seismic acceleration by the mass of the equip-
ment, assumed to be concentrated at its center
of gravity. In general, however, the equipment
will not be rigid and a dynamic analysis will
be required.

Several methods for dynamic analysis are
available to the designer. Once the equations
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the Response Spectrum Analysis is a wmore real-
istic and practical approach to the prcblem.
The Modal Analysis gives as itc reaults the
natural frequencies, mode shapes and participa-
tion factors. The Response Spectrum is then
used to provide the acceleration response of
each mass point in each mode. Use of the Modal
Analysis enables the responses in each normal
mode to be evaluated separately, then superim-
posed to provide the total response. Each
normal mode may be treated as an independent one
degree of freedom systerm.

~wlz,, the system of equations can be
reartanged in matrix form as

[x]) = w2 [8]) [M] [X]

Evaluation of the 5 x 5 influence coefficient
matrix, [§]), is neceasary before proceeding
further. By definition, the influemce coeffi-
cient, §.., is the deflection at the coordinate
1 due to “a unit force applied at the coordi-
nate j.

F,, SPRING

CONSTANT X

wy = 1

I,

Fps SPRING
CONSTANT K

3 ]
1
- E
;t 4
3 3
3
3 of motion for the system are written, integra- Consider the system shown in Figure 2. ;
3 tion can be performed. This can be accomplished Assume that motion will occur only im the plane E
§- either by use of an analog computer or by of the paper and that the systea is vibrating *
2 numcrical integration. The difficulty emccun- in a normsl wode. Vertical displacements are ]
3 tered in using this method lies in defining an to be considered positive when upward from the ;
appropriate driving function - a time history static equilibrium position. For each mode i
3 record to be used as input. Other possible point, the equation of motion can be written in 3
i techniques include Fourier Analyses and the terns of influence coefficienta as 5
2 Pover Spectral Density Analysis. Neither are ;
commonly employed. The method suggested here 5 . i
and in I1EEE No. 344 i, the Dynamic Analysis via -z, = L GiJJ’lJ g 3
the Respons¢ ipectrum Modal Analysis. Since J=1 :
response spectra are more readily available . -
from consulting engineers and contractora than Assuming harmonic motion and replacing x. by 1
~»  are any other form of input parameters, uae of J

Fig. 3 - Evaluation of influence coefficient §;,

By Maxwell's reciprocal principle, éiv'=6 oo As support, bearing flexibility and the cantilever
a result, only 15 of the 25 influencé” cobffi- beam deflection outboard of the bearing
R cients will have to be computed. (Figure 3).

7 The deflection at node 1 due to a unit
- force applied at that same node, §;;, is the
result of the angularity at the left bearing
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vhere %, = deflection due to angularity 2+ left
bearing.

deflection at node 1 due to left
bearing defiection.

deflection at node 1 due to right
bearing deflection.

= cantilsver beam deflection.
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The other influence ccefficients are deter-
mined in a similar fashion. Once this has been
completed, all of the parameters necessary to
solve the matrix equation are available. The
process of matrix iteration is suggested here
as the method of solution.

The process 18 begun by estimating the
configuration of the first mode and substitut-
ing the :ssumed values of displacements into
the matrix equation then determining if the
equality holds. In general it will not and the
results of the first iteration become the
starting point for the second iteration. Iter-
ation continues until the assumed x,; are ap-
proximately equal to the calculated“x;. The
result will be the fundamental frequetncy, uj,
and the mode shape as defined by the values of
r, For the second and higher modes and natur-
al frequencies, the orthogonality principle is
used to obtain a new matrix equation that is
free from any lower modes. The iteration pro-
cedure is used again to solve the new system of
equstions.

As each mode shape is determined, the
modal participation factor, Tn’ must be evalua-

ted.

i=1

The modal frequencies now provide the in-
put to the Response Spectrum Analysis. A
typical response spectrum is shown in Figure 4.
A response spectrum is a plot of the peak re-
sponses of a large number of single degree of
freedom systems of different natural frequen-
cies, at a damping value expressed as a percent
of critical damping, to a specific input tran-
sient, in this case, a given earthquake motion.
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Typical ground accelerations for even a
relatively severe earthquake are generally
rather small, a fraction of gravity. The mag-
nitude of the acceleration at some location
several floors up in the containment structure,
hovever, can be much larger depending on the
flexibility and vibration characteristics of
the structure. Since the rotating equipment
has been wmodeled independently from the sup-
porting structure, an appropriate floor re-
sponse spectrum must be provided for every
level at vhich the apparatus will see service.

Each of two major horizontal directions
plus the vertical direction should be consid-
ered separately but combined simultaneously.
Unless the directional orientation of the unit
is known, the analysis should be done so as to
provide the most conservative results. For
preliminary analyses where all three of these
response spectra may not be available, and only
a horizontal floor response spectrum is
provided, the second horizontal direction is
assumed equivalent to the first and the verti-
cal response is d to be two-thirds of the
horizontal response. For final qualification
work, however, no assumptions should ever be
made and all of the seismic criteria will
always be availatle.

Proceeding on a modal basis, the spectral
acceleration, S, can be read from the flocr
response spectrum as a function of natural fre-
quency and percent of critical damping. The
equivalent static seismic force at each mass
point for each mode is then

F, =mux. I' S
in Tin n - an
Using these equivalent forces, seismic

stresses and deflections can be calculated by
static stress analysis methods. Modal forces
and deflections for each node are first com-
bined algebraically to obtain maximum effects
for each principle direction, then these three
seismic stress and displacement values are
combined with the normal operation loads by the
root of the sum of the squares method.

The final step in the analysis is the com-
parison of the combined stresses and deflec-
tions with the allowable limits. This includes
strength and alignment considerations as wcll
as mechanical Interference effects. Limits
are established to insure that the motor will
remain functional during the worst anticipated
earthquake for the plant site. Some permanent
deformation may even be acceptable as long as
the motor maintains operability and structural
integrity. Redesign or modification are, of
coarse, necessary should any of the loads or
deflections be excessive.

The procedure described above is not
restricted to rotating machinery but can be
applied to any equipment that can be modeled
as a lumped-mass multi-degree-of ~freedom sys-
tem with mass free interconnections.
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RANDOM~-ON-RANDOM

Random-on-Random is a term used to
describe a vibration testing environment that
provides for superimposing several swept
narrow-band random signals on a background
stationary random spectrum, This technique
provides a more realistic test for simulating
environments where a significant amount of
energy is concentrated in a few narrow bands
but where the center frequency of each band is
somewhat uncertain,

The implementation of this technique in-
volves a change in the test setup program to
input the band parameters and a change in the
control program to dynamically change the
reference spectrum during the actual test run,
Up to five bands are allowed; each band is de-
ecribed by the tollowing five parameters,

1, Start frequency - defines the start fre-
quency for the band,

2. End frequency - defines the end frequency
for the band,

3, Narrow random bandwidth - the program
calculates from this parameter the number
of frequency lines to raise for the narrow
random bandwidth, This bandwidth is then
swept from the start frequency to the end
frequency,

4, Number of times to sweep band - this par-
ameter defines how many times the band is
swept during the test, The program cal-
culates from this parameter and the test
duration the number of control loops before
stepping one line, The program will not
allow parameters that require a faster
sweep than one line per control loop, For
reasons discussed in the next section, if
the sweep is faste: than one line per 15
control loops, tne program writes a warn-
ing message onto the CRT screen to alert
the operator that the narrow-band random
spectrum will be swept too fast for good
control,

5, G==2/Hz level - this is the g2/Hz level of
the narrow-band random signal,

The program allows for the bands to
overlap., Note that the sweep for each band is
linear with respect to time,

The control program initiates the refer-
ence spectrum with the narrow-band random
superimposed at the start frequency; once the
full test level is reached, the sweep is started,
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approximately equal to the sixth root of the
ratio of the return and reference spectrum am-
plitudes, The inverse Fourier transform of
the modified drive spectrum is computed, and
the resulting time array is used to generate
the drive signal for the next control loop fi.e, ,

for the next N frames), Each frame of the
next control loop is further randomized by

the array rotation, sine windowing, and over-
lapping operations. This ¢nsures a drive sig-
nal that will be stationary and will not have
discontinuities at the frame boundaries,
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Fig. 1 - Functional block diagram for a digitally controlled random vibration system

AVERAGING

At high frequencies fixture resonances
cause the acceleration to become nonuniform
over the fixtures, Therefore, averaging the
power spectral density (PSD) of several input
channels can provide a better input definition
on large test items than a single control input
channel, Input averaging is implemented by
sampling each of the input chaanels for one or
more frames (ADC buffers) during the control
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loop as shown in Fig, 2, The PDS estimates
for each input are then summed to provide an
estimate of the average PSD, The average
PSD estimate is compared with the stored re-
ference spectrum and the drive signal is
moditied in the same manner as for a single
input test, All input accelerometer signals
must be normalized for the same sensitivity,
i,e,, g/volt, and each input has equal weight
in the average,
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Fig., 2 - Modification of control algorithm
for input averaging

The setup program asks the operator to
input the number of control accelerometer sig-
nals to be averaged for the test, Up to six in-
puts may be specified, - The program then
calculates six choices for control response
time; the operator selects the appropriate
time based on his test requirements, (A shrort
test will reouire a fast control response time, )
The selected control response time determines
the number of frames per loop for use in the
control algorithm, The choices for control
response time are calculated in such a manner
that the number of frames per loop is a multi-
ple of the number of inputs to average, This
ensures that each input will have equal weight
in the average, The control algorithm re-
quires that at least four frames per loop be
used, Table ] shows the relationship of these
two parameters,

TABLE 1

Correlation of Number of Inputs to
Average and Number of Frames per Loop

No, of No, of Frames per l.oop

Accel, 3 4 5 6 Choices

-
~

12 16 20 24
12 15 18 21
12 16 20 24
15 20 25 30
18 24 30 36

DN
e e D
NMO @O

-

For input averaging the control program initi-
ates the analog-to-digital converter system
{ADC) for the multiple sample mode, This
mode causes the ADC to sample the first chan-
nel for one frame (buffer), the second channel
for the next frame, etc,, recycling after the
last channel, The control algorithm modifi-
cation, shown in Fig, 2, affects only the PSD

analyzer section, The multiplexer was part
of the existing ADC system, No hardware
changes and only minor software changes were
required to implement this option,

Input averaving was checked by running
a test on a slip table, Four accelerometers
were mounted at cqual intervals down the cen-
ter of the table, Figure 3 shows the PSD for
each input; Figure 4 shows a plot of the calcu-
lated average of the four return spectrums,
As can be seen from Figs 3 and 4 the average
spectrum was close to the required spectrum
0,01 g2/Hz); whereas, the individual accelera-
tions indicated large variations in level,
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RANDOM~-ON-RANDOM

Random-on-Random is a term used to
describe a vibration testing environment that
provides for superimposing several swept
narrow-band random signals on a background
stationary random gpectrum, This technique
provides a more realistic test for simulating
environments where a significant amount of
energy is concentrated in a few narrow bands
but where the center frequency of each band is
somewhat uncertain,

The implementation of this technique in-
volves a change in the test setup program to
input the band parameters and a change in the
control program to dynamically change the
reference spectrum during the actual test run,
Up to five bands are allowed; each band is de-
ecribed by the following five parameters,

-

. Start frequency - defines the start fre-
quency for the band,

2. End frequency - defines the end frequency
for the band,

3, Narrow random bandwidth - the program
calculates from this parameter the number
of frequency lines to raise for the narrow
random bandwidth, This bandwidth is then
swept from the start frequency to the end
frequency,

4, Number of times to sweep band - this par-
ameter defines how many times the band is
swept during the test, The program cal-
culates from this parameter and the test
duration the number of control loops before
stepping one line, The program will not
allow parameters that require a faster
sweep than one lire per control loop, For
reasons discussed in the next section, if
the sweep is faste." than one line per 15
control loops, tne program writes a warn-
ing message onto the CRT screen to alert
the operator that the narrow-band random
spectrum will be swept too fast for good
control,

5, Gx#2/lz level - this is the gz/Hz level of
the narrow-band random signal,

The program allows for the bands to
overlap, Note that the sweep for each band is
linear with respect to time,

The control program initiates the refer-
ence spectrum with the narrow-band random
superimposed at the start frequency; once the
full test level is reached, the sweep is started,
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The narrow-band random is swept by subtract-
ing and adding the dashed vectors every N con-
trol loops as indicated in Fig, 5. Note that
the end lines on the narrow-band random spec-
trum are raised to 1/2 level,

P50 g2l

]
FREQUENCY FREQUENCY

Fig. S5 - Narrow-band random on broad-band
random background

The control algorithm updates the drive spec-
trum every control loop, The correction to
the drive spectrum is approximately equal to
the sixth root of the ratio of the reference
spectrum amplitude to the return spectrum
amplitude; therefore, the number of control
loops needed to correct the level to within 10
percent of the desired level can be estimated,
Figure 6 is a plot of the amount of change
needed versus the number of control loops re-
quired to make the change, If the narrow-band
random spectrum level is significantly higher
(greater than 4 times) than the background ran-
dom spectrum level, the two end lines on both
gsides of the narrow-band random spectrum
must be changed by at least 2:1, From Fig, 6,
this will require at least 13 control loops to
correct the level to within 10 percent of the
desired level, For good control {ifteen control
loops were selected as the minimum number
required before stepping (sweeping) to the next
frequency line, This will ensure that the sys-
tem will have time to equalize the level of each
new frequency line,

The effect of sweep rate and bandwidth
of the swept narrow-band 1 andom spectrum is
analogous to the response of a low-pass filter
to a rectangular pulse ‘nput, If the pulse is
too narrow, the output will approximate a half-
gsine pulse at a reduced amplitude, The output
signial can only rise and fall so fast; thus, for
short-duration pulse inputs, the output peak
amplitude is proportional to the pulse duration,
The narrow-band random bandwidth is analo~
geous to pulse duration; the sweep rate, to cut-
off frequency, If the bandwidth is too narrow
or the sweep rate too fast, the return spectrum
will be rounded and reduced in amplitude,
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Fig. 6 - Amount of change needed vs number
of control loops required to correct
the level to within 10 percent of the
desired level

In summary, the major change requirad
to implement this technique was in the soft-
ware required to specify the test, The only
change required in the control loop was the
code required to dynamically change the re-
ference spectrum, No hardware changes were
required,

To illustrate the "Random-on-Random"
capability, a test was run with two narrow-
band signals superimposed on a flat random
background, The background random was
specified at 0, 01 g2/Hz over the frequency
range 4 to 2048 Hz, The reference spectrum
for Band 1 (see Table 11) was modified every
four control loops, and the narrow-band ran-
dom was four lines wide, Therefore, 16 con-
trol loops were required for the band to sweep
by a frequency line,

TABLE {1
Band Parametera
Parameter Band 1 Band 2
Start Frequency (Hz) 10 200
Stop Frequency (Hz) 200 400
Bandwidth (Hz) 16 52
Sweep 1 1
Leve! (g2/Hz) 0.1 0.1

Test Duration: 250 seconds

I'rom the preceding discussion, the
narrow-band random should exhibit rounded
shoulders with a peak near the specified level,
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The reference spectrum for Band 2 was also
modified every four control loops, However,
the band was 13 lines wide, requiring 52 loops
for the band to sweep past a frequency line,
The band should exhibit a flat top at the speci-
fied level with square shouldess,

Figure 7 is a plot of the return spectrum
at 125 seconds after the test was started, As
predicted, Band 1 is rounded with a level near
0.1 gzll{z: Band 2 has a flat top, also near
0.1 g2/Hz,
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Fig, 7 - Return spectrum analyzed at 125
seconds after the test was started

Figure 8, a three-dimensional plot of the
return spectrum, was constructed by analyzing
the return spectrum at equal time intervals
(30 seconds) and overlaying the plots, |.inear
time is measured along the vertical axis, log
amplitude is measured along the vertical axis,
and log frequency is measured along the hori-
zontal axis, The curve at 125 seconds is shown
as Fig, 7, Band | maintained its rounded
shape at the correct level during the sweep,
The apparent narrowing of the band is due to
the log-frequency presentation of the data,
Band 2 also maintained a relatively square
shape during the sweep,

TIME teec )

FREQUENCY 4.0

Fig, 8 - Random-on-Random test results

RANDOM LIMITING

In vibration testing, it is generally as~
sumed that when the correct motion is repro-
duced at the control point of a test item, the
motion at other points on the test item will also
be correct, This, of course, assumes that the
test item is driven at the correct point (or
points), the proper boundary conditions are
maintained, and the control spectrum accu-
rately represents the field environment, In
many cases, these assumptions are not even
approximately met in the test laboratory when
compared with the field use of the test item,
FFor these cases, limiting is a useful concept
to prcvent overtesting, The limit concept as-
sumcs that field experience indicates that the
response of various points on the structure
will not exceed certain values; therefore the
response during a test should also not exceed
these values, Test techniquesa'4 that rest on
the limit concept have also been suggested,

The obvious technique for limitation,
using a digital control technique, 1s as follows:
Measure the PSD of each of the limit channels
concurrently with the PSD for the control chan-
nel, If the PSD for any limit channel exceeds
its respective limit spectrum, reduce the drive
signal at the appropriate frequencies, Such a
system would be real time and should produce
good results, The disadvantages of this method
include the following: The number of limit
channels which can be successfully handled is
small, The exact number will depend upon the
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hardware available for a particular system,
As the number of limit channels is increased,
the control loop time must increase as signifi-
cant additional time is required to process the
limit data,

A second approach to random limiting
has been suggested and implemented at Sandia
[.aboratoriea  Albuqurque, If the system is
linear and the input Gaussian and stationary,
the response at any point can be determined
from the input, provided that the transfer
function between the two points is known from
the familiar equation

vin = [Hn!% xin M
where

Y (f) is the response power spectrum,
X(f) is the input spectrum, and

1Hf) is the transer function between
Xand Y,

The basic approach is to measure and
store the transfer functions for each of the
limit points, These can be measured during
a short random test, a low-level random test,
or a transient test, A transient test i{s cur-
rently used at Sandia, The response spectrum
is then estimated from Eq, (1), If the esti-
mated response spectrum excee:s the respec-
tive limit spectrum, the reference spectrum
for the control point is reduced an appropriate
aniount, The method is outlined in block form
in Fig, 9, The random control program is
then run in the usual manner by usirg the modi-
fied control point reference spectrum X;(f),

The advantages of this imp.ementation
are as follows: The micthod is easy to impie-
ment, Any number of limit channels can be
handled with no increase in complexity or in
the control loop time, ‘The principal disad-
vantage ig that the limit control assumes a
finear system and ls open loop, That is, if
an error is made, it cannot be automatically
correcte:d during the test run, This disadvan-
tage is partially offset hy noting (hat the pre-
cision required for limiting a spectrum ls
often not s0 criticnl as for the primary control
channel,

To Implement the ahove approach, a
method was provided for measuring the re-
quired transfer functions and to modlfy the
reference spectrum, No hardware changes or
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changes in the basic control loop were re-
quired,

Data from a large number of tests are
required to determine whether the above im-
plementation is sufficiently accurate to satisfy
most users or whether the more sophisticated
method outlined first will be required.

INPUT ORIGINAL
CONTROL POINT REFERENCE
SPECTRUM xom

SETi-|

MEASURE THE 1'TH
TRANSFER FUNCTION

Hi(ﬂ

CALCULATE THE

INDEX
' I'TH RESPONSE

ivi¢l

Yi(ﬂ o ‘ Hi(l) | le_l(ﬁ

IF Y{) EXCEEDS Y jimit
AT ANY FREQUENCY SET
XA0 = Y0 imit /1HENI2
AT THAT FREQUENCY

YES ANY
MORE LIMIT

CHANNELS

END

Iig, 9 - Block diagram of limit algorithm




4 An gxa.xmple to show the type of results ::";‘;::"“ ;:" ML 4§
- expected is included, The same test setup pre- "
3 viously used to check input averaging was used, ]
; In this case, Input 1 was defined as the control s ’
int, The control spectrum was set at 0, 01 ) BV bq
g°/Hz from 20 to 2000 Hz, Input 4 was selec- .o e e o 4o 4

ted as the limit channel, Figure 10 shows the
transfer function between Input 4 and Input 1,
If limiting were not used Eq, (1) would indi-
cate an expected response of 25 214 (502 . (L ’,-.

)
~
N
&
-
"> el

] 0.01) at 350 Hz and 1 g2/Hz (10% . 0,01) at

H 1200 Hz, The limit spectrum was set at 0, 02
g°/Hz, Figures 11 and 12 slhiow the results cenl
of this test, As can be seen from Fig, 11, » » -
the control spectrum was sharply reduced at MEQBCY ot

the first two axial resonances of the slip table
: (approximately 350 and 1200 lz) to limit the

- response at the end of the table, The limit

2 was quite good (see Fig, 12), The third axial
resonance, which is evident from the data
(approximately 1800 lz), did not require
limiting,

v

.

T TR
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Fig, 12 - Response limiting--limit
channel spectrum

CONCLUSION

Tne basic conirol algorithm for digitally
controiled random vibration tests can be ex-
panded to include more complex test require-
ments than the single control channel test:
This paper has described three control ex-
tensions that have been implemented and :
tested at Sandia l.aboratories, Albuquerque, 3
New Mexico, These control extensions have b
1 shown the flexibility of digital control to adapt ;
t new testing requirements without hardware
reconfigurations,
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> DISCUSSION

Voice: What sweep rats did you use on ths
4 particular sxample of the narrow band rendom
on rendom thst you showed?

Mr. Secllwood: In this particular case the test
duretion wes IC minutes and we swepi over the
band once in that period.

- o M WL

Mr. Curtis: (Hughes Aflrcraft Co.) In doing

3 response control tests analog style, and using

3 ths transfer function in the same menner as you
1 indiceted, we found it necessery to uss an
iterative schems to meeaurs the transfer function
at incressing lavels so thet we can taks cers

of the nonlinssritiss due to chenges in damping
es the laval incresses. Have you hed s similer
sxparisnce?

Mr. Smellwood: Yss. 1 will admit that that
is sometimes a problem with this particular
method of limiting. To overcome this problem
we try to usse s short burst of noise which

is near the desirad input level in order to
measure the transfer function.

Mr. Curtis: It semms to be, and it has been
our experisncs, that the short burst that you
try the first rime should ba a few db down
becauss i{f notches are caliad for, and you are
at essencially full leval during that first
burst, you may hava a considerable smount of
ovartest during tha gat raady time, This may
be enough to have a failure whan you really .
shouldn't hava one. i

Mr. Smallwood: This i{s also trus; howevar wa
hava bsen ' sing transients for this burst which
is typically only 100 millissconds long. 1 will
admit thet we ganerally run a low leval tast
first to maka our initial estimats of ths
transfer function, 1If that works we are in good
shape {f {t doesn't we have to itarate. That is
corract the itaretion is done in an easentially
wanusl fashion,

el ki

hedist

109

R ks L - .
T, T B i P o




2 TR

VIBRATION-DNDUCED DOPPLER EFFECTS ON AN AIRBORNE
SHF COMMUNICATION SYSTEM

Jerame Pearson and Roger E. Thaller
Air Force Flight Dynamics Laboratory
Wright-Patterson AF3, Chio 45433

The vilration-induced Doppler effects on an airborne super-high-
‘requency (SHF) cammunication system were investigated by a flight
test of the system mounted on a transport aircraft and commmicating
with 2 synchronous satellite. The Doppler effects due to the air-
craft rigid-body motion are sensed by the inertial navigation
gystem (INS) and removed from the signal by a camputer. The remain-
ing Noppler effects from antenna/INS relative vibration thus limit
system perfarmance. This relative vibration was measured and
analyzed in terms of the parameters of displacement, velocity,
acceleration, and jerk (rate of change of acceleration). A fre-
quency analysis identified significant resonances of the antenna.

A time analysis obtained the mmber and duration of the times the
communication system would be inoperative during flight due to
excessive vibration, The investigation revealed the potential
severity of vibration Doppler effects at SHF frequencies, near

8}z. These frequency-proportional effects will be greater for
systems using higher frequencies, and such systems must be designed
with vilration - induced Doppler effects in mind.

INTHODUCTTON

The Air Force Flight Tvnamics Lahoratory
has recently been investigating a new vibration
phencmenon in airborne communication systems —
the Doppler effects on the signal caused by the
vibration of the airborme antenna. These
effects are proportional to the signal fre-
aquency and are becaming more important as
higher frequency bands are used, as in communi-
cation with airborne command posts(l).

To develop secure, reliable commmication
for the Advanced Airhorne Command Post, the
Air Force Avionics Laboratory has been investi-
gating the use of super-high-fremquency (SHF)
ocamunication terminals to communicate between
aircraft and synchronous satellites(2). At
these freqencies, near eight gigahertz (GHz),
Doppler effects from the aircraft rotion may
shift the signal frequency by several kilo-
hertz. This signal must be accurately followed
in frequency and phase by the receiver. To
acxire and track the signal, the aircraft
rigid-hody motions are measured Yw the inertial
navigation system (INS). The resultin: Doppler
shift is determined and the receiver tu.ing is
corrected by a computer. The remaining Doppler
effects due to antenna vibration with respect
to the INS are thus limiting factors on system
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performance. Degradation of signal or loss of
tracking can result from excessive Doppler
effects due to vibration.

The vibration-induced Doppler effects were
expected to be particularly sewvere for this
program because of the new nodulator/demodula-
tor (modem) to be used. The modem is the key
camponent of the comunication system. The
proposed modem was phase-shift keyed and
designed with tight tracking loops for enhanced
performance. It was originally designed for a
grourd base in which the vihration environment
could be ignored. For the airborme applica-
tion, however, the design features which
improved its performance made it far more
sensitive to aircraft vibration Doppler effects

To measure these vibration-induced Doppler
effects, the Flight Dynamics Laboratory per-
formed a flight test program on a testbhed
transport aircraft equipped with an SHF
terminal communicating with a synchronous
satellite. This test was part of a program to
study several aspects of the airborne SHF
conmunication system. The other tests are
being reported separately, and sare have been
published (3).
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THE COMMINICATION TERMINAL

The airborne commmication terminal, shown
in Figare 1, is a cargo aircraft with a
twenty-foot long fibergla..s radame housing the
SHF antenna. Inside the radame is a 33-inch
diameter parabolic antenna driven in elevation
and azimuth by servamotors to point toward the
satellite.

The camponents of the caonmunication
terminal are shown schematically in Figure 2.
The signal received fram the satellite was
routed through the antenna pedestal to a para-
metric amplifier and thence .o the receiver/
transmitter. The transmitted ~‘gnal went
through a power amplifier to ti. antemna. A
computer was used to command the antenna to
point in the proper direction. The campute.
comands were based on the satellite location
and on the aircraft position derived fram the
inertial navigation system (INS).

In addition to controlling the pointing
direction of the anterna, the camputer caloula-
ted the Doopler frequency shift in the
received signal due tc the aircraft velocity
and camanded the modem to track the signal at
the proper frequency. The modem used in these
flight tests was based on an existing design
which was not highly affected by Doppler
shifts.

Figure 1. Airhorne Cammunication Terminal.
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To adequately define the Doppler effects
on the new modem, four parameters of the
antenna vibration were needed. The displace-
ment causes a phase shift in the signal; the
velocity causes a frequency shift; the
acceleration determines the rate of change of
the Doppler shift; and the jerk (rate of change
of acceleration) determines the abruptness of
the Doppler shift rate. Each of these param-
eters affects a phase-lock tracking loop of the
modem; the full four-parameter vibration
environment was therefore needed to define all
of the feedback loop values.

The Doppler frequency shift for a radio
signal is approximately 1 Hz per Mdz per
aircraft Mach number in the direction of the
satellite., For example, an 8 GHz signal being
transmitted fram the satellite to an airplane
flying at Mach 1 directly toward the satellite
(with the satellite just above the horizon)
would exhibit a Doppler frequency shift of
about 8000 Hz. During these tests, the
satellite altitude above the horizon and the
aircraft velocity produced a maximum Doppler
shift of ahout 5000 Hz.

while tae aircraft velocity produces a
Doppler frequency shift, the aircraft accelera-
tion causes a rate of change of this Doppler
shift. An aircraft in a 60° bank (2g turn) will
show a /3g acceleration in the horizontal plane,

Pedastal

Power
Amplitier
Fecelver/
Transmitter Parametric
Amplifier
Predicied Active
Computar Tracking
Depplar Correction [~ System
Accaleration Data
Modaw ns
to Assist Modes

Figure 2., Camponents of Airhorne Cammunication
Terminal .
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Figure 3. SHF Antenna Instrumented With
Accelerameters.

Similarly, the new modem has maximm
allowable values for the parameters of dis-
placement, velocity, and jerk of the antenna.
The risk of loss of signal tracking by the
modem depended on the durations of continuous
excessive Doppler effects, called exceedances.
If the signal were lost, the chance of recover-
ing it was also dependent on these durations.

FLIGHT TEST PROGRAM

To measure the effects of vibration on
the SHF satellite camunication, a flight test
program was canducted. Figure 3 is a photo-
graph of the antenna in the radame with the
flight test accelerameters attached. Four
crystal accelerameters were attached to the
antenna edge to derive the angular accelera-
tion in elevation and in azimuth. An
accelerameter was positioned near the axis of
the antenna to measure the antemna "horesight”
acceleration. This is the acceleration in the
direction of the satellite. Only acceleration
in this direction causes Doppler effects on
the signals. Figure 4 shows the INS instru-
mented with accelerameters to measure in the
vertical, lateral, and iongitudinal directions

g A
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with respect to the aircraft. These measure-

ments were used in cambhination with the antenna
boresight acceleration to derive the uncorrec-
ted Doppler acceleration of the antemna.

Figure 4. INS and Orthogonal Accelerameters.

The antenna pedestal was instrumented with
five accelerameters —- three orthogonal accel-
erameters to measure vertical, lateral, and
longitudinal accelerations, and two other
accelerameters to measure angular accelerations
in pitch and yaw. The other terminal comoo-
nents ~-- the parametric amplifier, the power
amplifier and modem, and the cooling pump ——
were also instrumented with orthogonally
mounted accelerameters. These sensors were
used to measure the envirommental vibrations of
all the camponents of the cammnication
terminal; these measurements have been reported
separately in a limited-distribution report(4).
The results are typical of previous measure-
ments of cargo aircraft vibration environ-
ments(5,6). The communication system was also
monitored to determine the signal/noise ratio,
Doppler shift, and other parameters, in order
to compare them to the vibration measurements.

The accelerameter signals were amplified
and recorded by the campact instrument package
shown in Figure 5. The package included auto-
matic gain-changing amplifiers and an FM tape
recorder. This instrument package weighed 115
pounds and was mounted on a table attached to
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the cargo deck just aft of the side cargo door.

Figure 5. Data Recordinc Package Mounted in
Aircraft.

In order to insure reliable communication,
the terminal was designed to operate from
before takecff until after landing and during
all phases of flight. This required consid-
eration of the operating conditions taxi, take-
off, climb, cruise, 2g turn (60° hank), pene-
tration approach (rapid descent with gear down
and speed brakes extended), descent, and
landing. %hen possible, the antenna was point-
ed at the satellite and the signal strength was
measured. Otherwise, the antenna tracked a
computer-generated signal and was pointed
forward, laterally, or vertically. These
flights were made from Wright-Patterson Air
Force Base near Dayton, Ohio. In order to
measure the antenna responses at high satellite
elevations, one flight was performed under the
satellite, ~hich was above the equator over the
Pacific Ocean.

STA ANALYSIS AMD RESULTS

Spectral analysis of the Doppler vibration
test data wes performed by the scheme shown in
Figure 6. The analog signals representing the
difference between the INS and antemna hore-
sight accelerations were low-pass filtered and
digitized to obtain data for the calculation of
narrow-band acceleration spectra. These spec-

tra were obtained from a digital camputer and
were plotted as mms accelerations in meters/
second? versus frequency in 1.22 Hz bandwidths;
they were then compared with the maximm allow-
able criteria under which the modem cpuld
operate. These spectra provided a quick-look
at the overall problem to show possible adverse
resonances.

LOW-PASS FILTER
0-1100 Wz

A/D COMVERTEK

DIGITAL
WRRAY TRANSFORY |
PROCESSUR

DIGITAL
COMPUTIR
FORTRAN IV SYSTEM

COMPUTER
| PLOT-TAPE
SOFTWARE '_—T

SPECTRAL
VALUFS
TAPE

INDIVIDUAL
EXCEEDANCE
DURATIONS
TAPE

COMPUTER
SOKT /MERGE

URDERED

EXCTEEDANCES

Figure 6. Flow Chart for Data Analysis.

Figure 7 shows the acceleration of the
antenna in the boresight direction minus the
INS lateral acceleration during cruise at 4000
feet altitude, with the antenna pointing
laterally with respect to the aircraft. Super-
imposed on the acceleration spectra are four
modem operational criteria for displacement,
velocity, acceleration, and jerk. These
criteria were provided by the modem contractor.
The jerk, velocity, and displacement criteria
were converted to equivalent acceleration by
frequency transformations of 1/w, w, and w?
respectively. The figure shows that the
displacement and jerk criteria determine the
operational envelope. Vibrations at frequen-
cies helow about 3.5 Hz are limited by the
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Figure 7. Antenna Boresight “inus INS Lateral
Acceleration During Cruise (Antenna
Pointing laterallyj.

displacement criterion; converselv, vibrations
at higher frequencies are limited by the jerk
criterion. The jerk criterion was exceeded
hecause of a resonance near 35 Hz, and the
situation became progressively worse for higher
frequencies. Fortunately, it was known from
laboratory vibration tosts of the antenna that
the resonances at 35 Hz and higher are not
rigid-body motions of the entire antenna, but
are flexible-body modes. This means that there
was no overall Doppler shift; instead, there
were many small and opposing shifts. The
result was a degradation of signal strength at
the received frequency, hut this was small
compared to the rigid-body effects. For this
reason, the jerk criterion is shown dashed at
the higher frequencies.

Figure 8 shows the antenna horesight
acceleration during a 2g turn. Due to the
oontinuously changing attitude of the antenna
during this flight condition, the INS accelera-
tion was not subtracted fram the antenna bore-
sight acceleration. The overall response in
this flight condition is similar to that during
cruise, but the levels are higher for frequen-
cies below 10 Hz.

Figure 9 shows the antenna boresight
acceleration minus the INS lateral acceleration
during rapid descent with gear down and speed

1s

Ixrakes extended, with the antenna pointing
laterally. Here the responses were much higher
than those duriny cruise or the 2g turn, with
the lowest resonances at 7.5 and 15 Hz showing
up more strongly. These resonances caused the
jerk criterion to be exceeded significantly.
during the tests. Taxi, climb, and normal
descent did not produce significant antenna
vibratory responses, and the landing responses
were of short duration. Displacement and jerk
were again the limiting parameters at lower and
higher frequencies respectively.

In order to quantify the severity of these
responges, a time-history analysis of the
digital data was performed, as shown on the
right side of Figure 6. New camputer programs
were developed to determine the statistics of
the mumbers and durations of times during which
each criterion would be exceeded drring a
particular flight condition.

Same typical results of this analysis for
the acceleration criteria are shown in Figure
10 for conditions of cruise at 4000 feet alti-
tude with the antenna pointing laterally. The
acceleration used was the difference between
the anterma and INS. The exceedances dare shown
in terms of the maximum length of time the

!

R G.‘

Accelevotion Criterion

K
£
Q

Twtere ~

Y
10

A eleration,
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criterion was exceeded versus the proportion of S mies P
total exceedances which were less than this ] e oo
value. The maximum time the 5 m/s? criterion ’
was exceeded during cruise at 4000 feet alti-

tude was 0.0014 second, and half the 2
exceedances were less than 0.0004 second. The
table shows the fraction of the total flight
time during which the various criteria were
exceeded. The 5 m/s? criterion was exceeded
13.5% of the time in this flight condition.
Figqure 11 shows the exceedances of the antenna
acceleration during a 2g turn, with the antemna
tracking the satellite. The maximum exceedance
was 0.006 second, and the 5 m/s? criterion was
exceeded 24.3% of the time. Figure 12 shows
the oorresponding exceedances of the antenna
minus INS acceleration for the condition of
rapid descent with gear down and speed brakes
extended, with the antenna pointing laterally.
The maximun exceedance was much greater for
this flight condition, about 0.0l second. The
5 m/s? criterion was exceeded 35% of the time,
indicating a serious degradation of commmica=~
tion. A complete analysis of all flight
corditions is contained in a limited- )
distribution report(7). 2
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CONCLUSIONS

This program has indicated the potential
severity of the vibration-induced Doppler
problem in communication by airborme terminals.
The purpose of this program was to improve the
tracking characteristics of a particular modem
which was not originally designed for airborne
use. The program results are being used to
adjust the modem tracking loop characteristics
to minimize the vibration-induced Doppler
effects, Further actions which may he taken
include various means of reducing the antenna
vibration. The simultaneous measurement of all
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four notion parameters — displacement,
velocity, acceleration, and jerk — was found
to be a difficult instrumentation problem. The
solution to this problem in the present program
was to measure only the acceleration and to
operate on the spectra by functions of the
frequency to cbtain the other paramweters.

As indicated by the results of this
program, the vibration-induced Doppler effects
are substantial in the SHF range, near 8 GHz.
They will be even more severe in the Ka band
(36 GHz), for which terminals are already under
development (8) . These terminals should be
designed from the beginning with vibration-
induced Doppler effects in mind.
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(U) A method is developed for comparing the fatigue damnage equiv-
alence of field and laboratory simulated vibration environments. It

¥ involves the use of a model hardware specimen which is instru-
mented to record typical strain-time histories that occur in a given
environment, The device is utilized to acquire data from both the
field and corresponding laboratory simulation. The resulting strain-
time histories are analyzed for fatigue damage potential, This anal-
ysis is based on the use of fatigue life gages. A mission ratio is de-
fined for each pair of strain histories so that the degree of simula-
tion achieved can be expressed in terms of the number of equivalent
missions experienced., The technique is applied to OlI-58A Heli-
copter, M-33 Truck, and M-113 Armored Personnel Carrier vehicle
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’lnulti-axial field environments,

environments and their simulations,
axial test simulation provides a rather poor duplication of the actual

It is found that a typical uni-

INTRODUCTION

The development of hetter laboratory test
specifications is a continuing goal for the vi-
brations engineer. IHis ohjective must be to
simulate a field environment in such a way
that high probability of in-service failure in a
typical specimen will resalt in a similar fail-
ure in the test environment. Depending on the
nature of the specimen and its operational
complexity, he may choose to derive a test
specification based on some Military Standard
as a guide, or may he required to derive an
elaborate test scheme based on currently ac-
quired field data which is representative of the
intended environment. In either case, there
are many factors which include characteristics
of the dynamic environment, as well as the
genmetric and material design of the specimen
itself, that can influence the actual degree of
simulation that results, Unfortunately, a
judgement on the degree of simulation achieved
can he only suhjective, since no practical
means of direct measurement of vihrational
equivalence is available.

1t is generally accepted that standard spe-
clfications for vihrations tests often lead to
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severe overtests if they are applied indis-
criminately. In such cases more accurate
field data must be acquired, and revised spe-
cifications must be derived from these data.
Refs. 1-3 report typical procedures that some
test engineers have developed. Such tests as-
sume that if the vibrational responses of a
specimen are duplicated at several important
specimen locations, then all failure mechan-
isms are faithfully excited at all points within
the specimen. Most engineers recognize that
this assumption is violated to some degree or
another during all tests, but beretofore, no
determination has been made of just how sensi-
tive fatigue damage can be to this lack of pro-
per simulation.

In view of the above comments, it is ob-
vious that a technique for direct measurement
of fatigue damage potential for two vibrational
environments would be a very practical tool
for evaluation cf the validity of vibration spe-
cifications, Therefore, the purpose of this
study has heen to evaluate one particular tech-
nique which can he used for such a comparison,
The general approach tn the development of
this technique is as follows:




a. Deveiop #n instrumented specimen cap-
able of measuring characteristics of a
dyna mic environment,

b. Acquire field data with the instrumented
specimen for typical helicopter, truck,
and tracked vehicle environments.

c. Acquire laboratory data with the instru-
mented specimen from tests tt..! are
designed to simulate the above 1ield en-
vironments.

d. Develop a means of comparing the fa-
tigue damage potential of the corre-
sponding field and laboratory environ-
ments.

At the outset it was recognized that a num-
ber of possible paths could be followed to carry
out the stated approach. In particular, the use
of several different dynamic parameters and
measuring devices for them could be consider-
ed, After studying the alternatives, we chose
the approach described herein as one that is
particularly straight-forward and one that can
be implemented with a minimum of sophisti-
cated support hardware. Further, the method
of final fatigue prediction is based on dev’'ces

- L

which avoid many of the arguments that can be
posed against the use of a particular fatigue
damage accumulation theory. Only a brief
summary of the work is presented in this
paper: however, complete details can be ob-
tained from Rcf, 4,

CONCEPT OF MODEL HARDWARE SPECIMEN

It was recognized that the technique to be
developed must be applicable to completely ar-
bitrary items of hardware, zithough it was
considered appropriate to focus attention on
typical electronic items. Nevertheless, the
basis for damage comparison is to be fatigue,
which, of course, is a mechanical phenomenon
that is dependent on the specific vibrational re-
sponses in a given item. Unfortunatel;, an ar-
bitrary mechanical hardware item must be re-
presented as a complex, mu'ti-degree of free-
dom structure, in which many vibrational
modes are present, and mode shapes may be
oriented in virtually any direction in space.
Likewise, various materials may be utilized in
which a wide range of damping may be en-
countered. Therefore, a model hardware spe-
cimen (MHS) was designed to accommodate the
above ideas as much as possible.

i FREQUINCY  BEAM  DAMPING
| (Hz)  NUMBER  RATIO
| 10.6 1 0.0168
; 7.2 2 0.0136
b %.9 3 0.0017
: 8.2 f 0.0027
' ' 75.9 5 0.0021
| 104.6 6 0.0016
132.4 7 0.0017
155.9 8 0.0025
3 .
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Figure 1, Diagram of Model Hardware Specimen
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The MHS is designed geometrically to fit
typical radio equipment mounting panels.
Actuslly, it has the same physical size as an
AN/ARC-115 Radio and can be mounted with
dzus fasteners. Internally, the specimen is
equipped with eight cantilever beams which
represent typical modes of the internal compo-
nents. A diagram of the device is shown in
Figure 1, along with the natural frequencies
and damping ratios for the fundamenta! mndes
of the various beams. These frequencies were
selezted from a set of random numbers to in-
corporate the concept of an arbitrary speci-
men., The frequency range was limited to 200
Hz. since this was the extent of important fre-
quencies in the applications to be considered.
Beams 1 and 2 were made of polyvinylchloride
plastic while Beams 3-8 were made of alum-
inum. A total of eight beams could be readily
incorporated into the volume of the box, The
spacewige orientation of the beams was also
selected at random,

Each beam is instrumented witt strain
gages at a necked-down section where the
strain field can be considered ur.'formly dis-
tributed across the beam width, Thus, strain-
time histories can be recorded on analog in
strumentation tape during operation, Likewise,
the box was instrumented with two triaxisl
accelerometers, one at each of the upper cor-
ners of the front face of the box, or in some
environments near the support bracket. These
accelerations are considered a measurement
of the input to the MHS.

In view of the above description of the
MHS, its use in acquiring either field or labo-
ratory data should now be obvious, That is, it
is subjected to a given vibrational environment
while strain and acceleration time histories
are recorded as representative parame’ars
which desacribe the given environment,

Helicopter flight tests of the 1S were
conducted at the U, S, Army Aviation Test
Board at Ft. Rucker, Alabama, Instrumenta-
tion for these tests was provided by the
Applied Mechanics Division of White Sands
Missile Range, N. M, A photograph of the de-
vice mounted on the instrument psne! of an
OH-58A helicopter ia shown in Figure 2, The
MHS was mounted with six dzus fasteners in
the same manner as typical avionics equip-
ment. Location of the two triaxial acceler-
ometers can he seen clearly in Figure 2,
Acceleration ard strain gage signals were
amplified and recorded on analog tape. A
voice signsl was also put on the edge track of
the tape for annotation hy the flight crew,

2

Two fiights were made with this equipment
configuration, one without actual gunfire and
the other with several bursts from a . 30 Cal.
mini-gun, In each case, however, a typical
operational sequence was used which included
engine start, take-off, hover, climbs, dives,
etc, For these initial field tests, only Eeams
3-8 were employed. Later, it was determined
that two lower frequency beams could be in-
corporated into the box. Therefore, the heli-
copter data acquisition resulted in two analog
tapes, one for nongunfire, and the other includ-
ing gunfire maneuvers. Each tape contained
multiple runs of various maneuvers, in the
form of six strain-time histories, six acceler-
ation histories, and a voice channel. Both
tapes were later edited into continuous records,
whereby all start and stop transients were
eliminated.

Ground vehicle field data were acquired by
transporting the MHS first in a M-35 truck and
then in a M-113 Armored Personnel Carrier.
These tests were conducted on the vehicle
courses at Aberdeen Proving Ground. Typical
installation locations of the MHS in enxch of
these vehicles, as well as types of courses
traversed, will be given in detail in the results
section. The ground vehicle vibration data
were recorded using a telemeter system. For
these tests, all eight beams were incorporated
into the specimen,

The MHS was mounted to the test vehicle
in one of three ways; secure, loosely stowed,
and cushioned. When mounted securely, the
MHS was attached with six dzus fasteners to a
heavy bracket which in turn was bolted rigidly
to the vehicle structure, When loosely stowed,
the MHS was resting freely on the vehicle
structure and had a system of guide wires at-
tached. These wires would permit the MHS to
move freely in the vertical direction and yet
provide restriction in both horizontal direc-
tions, The wires could also prevent overturn-
ing of the MHS, In the cushioned configuration,
the MHS was resting on, and held down with
thick aoft foam rubber, so that there would be
no direct mechanical coupling between the
vehicle structure and the MHS, In all three
configurations, a triaxial accelerometer was
attached to the vehicle structure beside the
MHS in order to record input accelerations and
another triaxisl accelerometer was sttached to
the rear of the MHS to record its accelerstions.

Recording of the data was continuous, so
that this time much of the analog tape editing
problem was eliminsted. Multiple runs at var-
ious speeds were conducted over the Munson
Course. Thus, the results of these field tests
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Flgure 2, MHS Installed in Pilots Instrument Panel, OH-58A Helicopter

included several analog tapes, each of which in-
cluded eight strain-time histories, slx acceler-
ations time historles, and a voice history.

We now will describe the data acquisltion
procedures assoclated with the lahoratory
test. However, it is first appropriate to com-
ment on the speciflcations developed for it. Of
course, the use of a typical laboratory simula-
tion was desired, Therefore, a unlaxial test
was selected in which the entire teat would be
conducted along a single axis that was con-
siriered tn he the most severe in terms of its
likelihood of producing large response. The
vertical axis (see Fig. 1) was selected, Excita-
tion along other axes was considered to he ac-
counted for by cronss-coupling in the system,
Since acceleration time hlstorles were avail-
able, the signal along the appropriate axis was
used as the excitation, and was played directly
into an equalized electrcdynamic shaker sys-
tem. This procedure was considered superior
to the development nf some presumably corre-
sponding swept asine or random test,

[N

In order to run the laboratory test it was
first necessary to edit the field data into a
more useable form, Parts of several runs
along with tha'r respective calibration signals
were dubbed ornto a single reel of tape using the
carrier dub method. Only the acceleration
channels were dubbed, so that the strain sig-
nals from the MHS lab test could later be re-
corded on the hlank channels as the test was
conducted,

A diagram of the equipment used in the lab
test is shown in Figure 3. By removing certain
record amplifier modules from the tape record-
er, It was possible to play back and record
simultaneously on a slngle tape recorder. The
shaker drive signal was the vertical Input
acceleratlon signal from the triaxial acceler-
ometer mounted to the vehicle structure, This
slgnal passed through the equalizer filters and
shaker power amplifler to the electrodynamic
shaker. The MHS was mounted to the shaker
in the same manner as it was mounted to the
test vehicle in each respective configuration,
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In view of the above description, it is ap-
parent that the data acquisition program re-
sulted in acceleration and strain-time histories
for both a field and laboratory environment,
for each of the three environments investigated,
We now consider how these data must be ana-
lyzed to compare the fatigue damage potential
of the respective field and laboratory environ-
ments,

FATIiGUE DATA REDUCTION PROCEL'JRE

Various theories are available for predic-
tion of fatigue damage accumulation when
strain-time histories are available as in the
present case, However, no one of these theo-
ries is directly suitable to all the different
types of strain histories that resulted, Two
typical types are shown in Figure 4, The
upper trace shows a heam responding in basi-
cally its fundamental natural mode only, and
the amplitude of the vibration fluctuates from
time to time, depending on the particular
maneuver or terrain heing traversed. Thus,
hasically a sine wave of nonstationary ampli-
tude results, The lower trace shows a more
complex response, in which several frequency
components are present in addition to that for
the natural mode of the beam. Such complex
strain histories are not so amenable for appli-
cation of fatigue accumulation theories, and
some alternate, more universal method was
required. The use of Micro- Measurements
fatigue lif¢ gages was found to satisfy our re-
quirements very well,

Micro-Measurements, Inc, fatigue gages
{5-7] can be used to produce an electrical re-
sistance change which ie a function of the num-
ber of strain reversals experienced at given
strain levels, regardless of the complexity of
the strain-time history, Calibration curves
are available (Fig, 5) in terms of resistance
change versus number of cycles for a family of
sine wave strain histories, each at a constant
amplitude, However, the latter curves can be

|so e/ div,

48.2 He

| 20 u e/ div,

132.4 Hz

O 7] Time cone——-

Figure 4. Typical Beam Responses

used graphically for a fatigue computation also
if the strain histories are sufficiently narrow-
band, such as the upper trace of Figure 4,
Therefore, it was decided (o predict fatigue for
the simpler data through the use of a peak
counting -digital computer scheme, which was
sinple and fast, while that for the more com-
plex data were predicted through the use of a
more direct application of the fatigue gages.
This is shown schematically in Figure 6, A
preliminary scan allowed determination of
which method was best for a given strain-time
history,

The digital computer method required
computerizing the fatigue gage calibration
curve by means of an interpolation program,
The input to this program then is the number
of strain cycles at given levels, These data
were computed by direct counting of the peaks
in the strain-time histories, This was accom-
plished hy the use of an amplitude modulation
circuit, which provided the envelop of the time
history, and then the use of a probability den-
sity analyzer, The output of this data reduc-
tion scheme was the desired count of peaks at
incremental levels of 10 microstrain, which
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The electromechanical computer method
of fatigue prediction is shown in Figure 7.

Figure 6,

then formed the input to the digital computer
program. The program then summed the re-
sistance accumulation for sach time history,

Procedure for Fnvironment Duplication

It consists of a device whereby the recorded
strain-time history is very nearly duplicated
in another aluminum beam specimen, The

u>am is instrumented with strain gages and a

fatigue gage., The tape recorded strain history

is used to drive an electrohydraulic shaker,
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Figure 7. Diagram of Electromechanical Fatigue Gage Computer

which is controlled by automatic feedback of
the strain signal from the beam, The control
system was very accurate for virtually instan-
taneous control from 0 to 20 Hz. Thus, the
tape recorded strain histories had to be repro-
duced at a speed factor reduction (ard corre-
sponding increase in test time) in order to
utilize this method. It was time-consuming as
a reeult., The fatigue gage resistance was
measured accurately before and afier a mission
sequence, to produce the equivalent fatigue
suffered for the given strain history.

It is appropriate to ask at this point why
the fatigue gages were not employed directly
on the beams in the model specimen during
flight and the laboratory test, rather than cor-
tend with the more complex method described
above. The reason was that the fatigue gages
have a relatively narrow useful strain range,
and there was no good assurance that strain
levels would not exceed this range, By em-
ploying the methods described above, good
signals were virtually certain, and the gain
ievels of these signals can be adjusted before
application to the fatigue gages if necessary.

e M i i
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Finally, we are now in position to define
a means of obtaining a numerical measure of
the fatigue damage cormparison between two
different strain environments. This may be
done by referring to the fatigue life gage cali-
bration curve in Figure 5. For the moment,
let us postulate that regardless of the com-
plexity of a given strain-time history, an
equivalent sine experience can be established
for it. ror example, suppose that for Beam
No. 1, a resistance of 0.10-ohm rosulted after
the application of the field data strain-time
history for one mission, regardless of the
actual time length of that mission. From
Figure 5, it can be seen that this is equivalent
to a sine wave strain of, ~ay, 1800 peak micro-
strain for 250 cycles. Now the laboratory
strain-time history for the corresponding
beam is applied to a fatigue gage also for cne
mission sequence. To continue the example,
suppose that this resulted in 0.15 ohm resis-
tance change, From Figure 5, it can be seen
that this corresponds to 460 cycles at 1800
microstrain sine amplitude, We therefore can
define a mission ratio as
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(Lab Cycles at 1800ue} i 460
" (Field Cycles at 1800u:¢) ~ 250

MR = 1.84

Thus, for this exzmple, that beam viould have
experienced an overtest in the lab by the above
factor, Obviously, MK - 1.0 is a parfect
correspondence and MR < | is an undertest,
This factor must be determined for each beam
in the box in order to determine an overall in-
dication of the similarity of the two environ-
ments,

The above scheme for development of a
mission ratio requires the establishmaent of
some equivalent sine-wave experience for a
given complex time history., Results were
obtained for all three environments investi-
gated which chow that this condition can be
satisfied in each case.

OH-58A HELICOPTER ENVIRONMENT

Results will now be presenied for data
taken in the MHS for both the field and the
laboratory environments. Recall that for this
particular test series, only beams of 36.9 Hz
and higher were incorporated into the speci-
men.

The mission sequence that resulted after
editing the original data is shown in Table I
for the nongunfire run, It can be seen that a
33, 3-minute mission resulted. The various
maneuvers are self-explanatory, Given test
numbers within the sequence refer to an ori-
ginal flight plan which was used by tl.e pilot.
These test numbers were retained since they
zre incorporated into the voice track on the
analoy tape. A similar mission sequence was
used for the gunfire mission, However, the se-
quence was much shorter (9,1 minutes), and
included a number of gunbursts at 4000 rounds
per minute.

Average strain level variatlons with time
are given in Figure 8 for the nongunfire mis-
sion. These results are based on an analysis
of field data only, The times that appear cor-
respond to thase given in Table I. Similar data
were obtained for the gunfire mission. It is
obvious that only certain beams respond at cer-
tain times, which indicates the frequency con-
tend of the input motion. Also, the strain levels
can be seen to vary considerably with time,
This strong time dependence was a major
factor in selecting a lahoratory test that in-
cluded the use of the field accelerations as the
excitation signals for the test system.

Some results for fatigue gage resistance
change for the gunfire and nonginfire missions

io

TABLE I

NONGUNFIRE MISSION SEQUENCE FOR
OH-58A HELICOPTER

Min, Event

[} Start level flight

0.3 Level off, continue level flight
2.7 Test 9, Left turn 90° and continue level flight
5.1 Test 11, Right turn 90°
5.2 Now turning
5.3 Continue turning
5.4 Now level off
7.0 Test 13, acceleration to minimum cruising
speed
8.1 Stll]l going Test 13
8.2 Cruleing at minimum speed
9.4 Stlll at Test 13, cruising at minimum speed
10.7 Test 14, descent at 500 ft/min for 1 minute
11.2 Now descending
12.2 Test 18, acceleration to maximum per-
missible speed
12,3 Now accelerating
13.9 We are now going at maximum speed, close

to maximum speed
15.0 Start of gun run
15.6 Now cllmbing
16,0 Now leveling off
16.9 Leveled off
19,1 Beginning second gun run, turn left
19. 4 Diving
19. 6 Still diving
19.7 Turning left
19.8 Still turning left
20,7 Cllmbing
20,8 Still climbing
22,7 At maximum speed
23,2 Maxlmum cruising speed
25.2 Test 32, decelerate to normal cruise
25.7 Test 36, climb at 500 FPM
26,6 Level flight
29.3 Test 37, level flight
29,5 Descending
311 Hovering
32.% Test 43, hover
33,3 End deta,

are shown in F-yure 9. These results were ob-
tained with the electromechanical computer. *
For the several beams identified, resistance
changes were noted after the application of 1,
2, and then 3 missions for a given beam. Am-
plification factors for the strain signals were
adjusted according to the values given on the
figures, Again, this adjustment assured that a
reasonably measurable resistance change
would occur for the given mission time. For
each set of three values for a given beam, the
points were shifted along the horizontal axis of
the figure, until they matched up with a given
sine-wave calibration curve. It can be seen
that all plotted data conveniently fit onto the

1800 1€ curve. As pointed out in an earlier
section, this result allows establishment of
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Figure 8. Strain Level Variation with Time for Nongunfire Mission in
OH-58A Helicopter - Field Data

the 1800 ue level as an equivalent fatigue ex-
perience for the corresponding number of
cycles for each point, Thus, use of the pre-
viously-defined mission ratio is possible f»r
this case,

Finally, a list of all results for one mis-
sion is giver in Table II for both nongunfire and
gunfire, and for hoth the field and laboratory
data, Part A gives the maximum strain that
occurred at any time in the field data (with no
amplification). Further, it gives the amplifi-
cation factor that was used in analyzing the
data for fatigue potantial (i.e., determining
electrical resistance change in a fatigue life
gage), Part B gives values of resistance
change that accurred for the indicated beams
after application of one mission. In general,
corresponding values for field and lab data
should be fairiy near to each other. All values
not identified by an asterisk were obtained by
the digital computer methad, In two cases, re-
sistance changes were computed by both the

digital computer method and the electrome-
chanical computer method as a check. The
values are very nearly the same for these
cases. Finally, mission ratios were com-
puted where possible and are given in Part C.
The values can generally be seen to be both
higher and lower than unity, which indicates
that not too good a simulation was achieved,
In fact, since both low and high values result,
it appears that a gnod simulation is, in fact,
imposaible for the uniaxial form of laboratory
test that was employed. It should be noted that
results are not presented for all beams in
Table II, since some beams experienced only
very little response,

M-35 TRUCK AND M-113 ARMORED
PERSONNEL CARRIER ENVIRONMENTS

Conditions under which field data were ac-
quired for the M-35 truck are presented in
Table III. The conditions were chosen as typ-
ical for hardware that must be transported in
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Figure 9. Multi-Mission Results for OH-58A Helicopter

this vehicle, In each case a total of five laps
were made around the Munson Course. How-
ever, in order to save analysis time, a mission
was defined as two laps which provided a total
time of about 13 minutes, This can be seen
from Figure 10, in which are presented typical
average strain levels for a given run condition.
These data are useful for showing the nonsta-
tionarity of the strain responses as different
terrains are traversed. Multi-mission data
were aiso acquired to again establish the vali-
dity of employing the 1800 L€ sine curve as a
basis for mission ratio prediction, similar to
the data presented in Figure 9 for the heli-
copter,

For this environment, a further check was
made on the fidelity of duplication of the spec-
tral characteristics of the field environment.
That is, Figure 11 shows samples of accelera-
tion power spectral densities for a correspond-
ing maneuver for both the field and laboratory
tests. ihe PSD's are essentially identical for
the field and lab accelerations along the vert-
ical axis, which verifies that the environment
was properly duplicated along that axis. Of
course, one must recall that a uniaxial test
was employed so that duplication along the

128

longitudinal and transverse axis was not
achieved. Similar PSD results were obtained
for a variety of the data conditions and found
to be similarly valid.

Final results for field and !aboratory tests
are given in Table IV, It is obvious from the
mission ratio results that a wide disparity
exists between the simulated and field environ-
ment, Thus, a poor simulation has been
achieved, At this point it is pertinent to em-

1 hasize that although such results may be
rather surprising, they do not detract from
tie successful completion of the program ob-
jective, that is to develop a method for making
such measurements, They do, however, indi-
cate that fatigue is a failure mechanism that is
very sensitive to errors in simmnlation, and
what at the start seemed to be a good laboratory
vibration simulation technique, has been shown
to be quite poor by the method that was devel-
oped.

Field conditions for data acquisition in the
M-113 armored personnel carrier environment
are given in Table V, Typical average strains
and PSD's for field and laboratory data will not
be presented for the sake of brevity,
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TABLE II

RESULTS FOR MODEL HARDWARE SPECIMEN IN
HELICOPTER VIBRATION ENVIRONMENT

Fregquency (Hz)

L]
Run Identification ’%

36.9 ' 48.2 | 75.9 | 104.6 ;132.4 [155.9

A. Peak Microstrain and Amplification Factor for Analysis

Nongunfire (Field) 320 390
X10 X10
'Gunfire (Field) 140 375
X12 X10

250 | 300 |240 | 210
‘ X10 !
1
300 450 880 , 266
X10 ; X7 X4 . X10 i

B. Resistance Value for One Mission (ohms)

INongunfire (Field) f | 0.76

i Nongunfire (Lab) 1 0,53 ' Low

!Nongunfire (Field)* 0.16  0.68

,Nongunfire (Lab)* 0.47 ; Low

Gunfire  (Field)* | 0.04 0.73
!

‘Gunfire Lab)*
' g

0.51 0.28

5 |
|

| 0.39 :
0.58

0.24 0. 37 0.43 ° 0.19
0.15 0.30 0.20 | 0.63

C. Mission Ratio

+

ENongvmﬁre | 3.6 ! Low
Gunfire 36 0.29

L 4 1

' @

io.sz 0.76 . 0.36 | 4.9

b e S

* Data obtained using electromechanical computer.

Final data for this environment is presented in
Table V1. Careful scrutiny of these data lead
one to the same cormnments made about that for
the M-35 truck environment,

CONCLUSIONS

This study demonstrates the utility of a
model hardware specimen for comparing the
equivalence of two vibrational environments.

It is recognized that strictly-speaking, the use
of such a model device is not actually neces-
sary, but an actual item such as a radio could
have been strain-gaged at appropriate points
and subjected to the same procedure. However,
the parameters (natural frequencies and beam
osrientations) for the model were choren at
random, so that it represents a completely ar-
bitrary item. Furthermore, because of the
simple nature of the beam design, measurs-
ment of maximum strains were assured.

S e
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The results for equivalence comparisons
between field and a typical laboratory simula-
tion may be rather surprising to some. For
all three environments investigated, rather
poor simulations appear to have been achieved.
Obviously, the fatigue mechanism is extremely
sensitive to differences in the total excitational
conditions, Differences whicl result from a
uniaxial simulation are far too great to allow a
more reasonable duplication of the field en-
vironment. 1t is apparent that cross-ccupling
in the structure has a marked influence on the
final fatigue results, Therefore, basically one
must conclude that a multidimensional excita-
tion cannot readily be duplicated in a complex
structure by means of only a uniaxial excita-

tion, This conclusion is particularly supported '

by the fact that some beams experience a gross
undertest while others experience a gross
overtest.
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TABLE 1l

DATA ACQUISITION CONDITIONS FOR M-35 TRUCK

Road Type

Munson Area - Courses used for M-35 truck test were spaced
bump, radial washboard, two-inch washboard
and belgian block, as well as smooth paved and

SR LB

.

oty

improved gravel between courses.

MHS Mounting Conditions

Secure - MHS attached to frame with six Dzus fasteners and
frame rigidly bolted to vehicle,

‘.o0se -  MHS free to move vertically but restrained horizontally.

Run Number Identification

1. M-35 truck with 1000-1b payload, Munson area, MHS
secured in forward cargo bed area,

2. M-35 truck with 1000-1b payload, Munson area, MHS
secured in aft cargo bed area.

2a, Repeat of Run No, 2.

3. Repeat of Run No. 1.

4, M-35 truck with 1000-1b payload. Munson area, MHS

loose in forward cargo bed area,

5. M-35 truck with 1000-1b paylnad, Munson area, MHS
loose in aft cargo bed area. This run not completed,judged
too severe for MHS by test personnel.

In view of the above conclusion it is fur-
ther apparent that the whole concept of labora-
tory simulation may now require closer scru-
tiny to place confidence limits on the results of
a given test, That is, the implication of in-
herently wide confidence levels associated
with laboratory simulations is apparent, until
further demonstration of the equivalence of
given tests is assured. The final result from
this study may be to indicate that the hereto-
fore use of subjective judgements in asserting
vibrational equivalence requires a new very
careful investigation.
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Field Data
TABLE IV
RESULTS FOR M-35 TRUCK
. Frequency (Hz)
Py R 10.6 [ 27.2 [3.9 |48.2 | 75.9 [104.6 [132.4 [155.9 |
A, Feak Microstrain and Amplification Factor for Analysis
1 (Field) 1290 850 1050 930 905 565 325 545
1 (Lab) 1050 930 525 465 265 {1210 145
X3 X4 X4 X4 X5 X3 X10 X5
2a (Field) 1210 1090 1530 1090 385 425 445 545
2a (Lab 850 465 605 465 265 345 185
X3 X4 X2 X4 X10 X10 X10 Xs
3 (Field) 1130 850 1130 810 365 385 305 425
X3 X4 X4 X4 X5 X3 X10 X5
4 (Field) 1530 3980 1770 1170 825 1490 1690 1610
4 (Lab) 1050 1250 730 505 865 845 725
X3 X1 X2 X3 X5 . X3 X1.34 | X1.21
L
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> TABLE IV (Contd.)

3 H Frequency (Hz) i

1 ! Run No. 10.6 127.2 36,9 148.2 175.9 1104.6 1132.4 (155.9 |

?' : B. Resistance Yalues for One Mission (ohms)

1 ! 1 (Field) 0.214 |o0.113]|0.279 |0.462 | 0.113 | 0.010 | 0.427] 0.127

: il (Lab) 0.085 |o0.180 | 0.069 |o0.041 | 0.010 ] 0.319 ] o.010

3 i1 (Field) 0.213 | 0.161 | 0.426

2a (Field) 0.139 |0.320 } 0.177 }0.531 | 0.703 ) 0.492 | 1.594} 0.226

3 2a (Lab 0.03 |0.014 | 0.010 jo0.014 | 0,010} 0.197 | 0.031 .
1 2a*(Field) 0.150 3
2 2a*(Lab) 0. 049 ;

3 (Field) 0.144 |0.126 | 0,510 10,351 | 0,026 | 0,010 | 0,422} 0.097

o
P

4 (Field) 0.413 [0.080 | 0,308 J0.379 | 0,928 | 0.872 |{ 0.056} 0,032

e Sk

4 (Lab) 0.081 |o0.n10 !o0.010 |o.010 | o0.570 | 0.150 | 0.046
{4 (Field)  0.504 |0.072 | 0.283 {0.350 | 0.857 | 0.803 | 0.040|0.016 ;
24‘ {Lab) 0. 105 0.012 _ 5 i

ool i

C. Mission Ratio

i 0.272 |1.953 {0,143 10,033 | 0,023 | 178.6 | 0.004 E
i E
2a 0.136 |0.009 | 0.012 |0,005 {0,002 | 0,298 | 0,003 .
22’ 0.199 :
4 0.107 10.037 {0,006 |0.004 | 0,500 | 0,089 | 0,740!
i 0- 120 0. 009 '

Data obtained using electromechanical computer.

TABLE Vv
DATA ACQUISITION CONDITIONS FOR M-113 ARMORED PERSONNEL CARRIER

Rosd Types

Paved - Three mile straightaway with barked
turnaround loops at each end.

Croas Country No. 3 - Rough course of native soil.

Cross Country Conrse A - Hilly cross country course.

MHS Mounting Conditions

Secure - MHS attached to frame with six Drus fasteners and
frame rigidly bolted to vehicte,

Cushion - MHS resting on thick {foam,

Run Number Identification

fi. MI13 tracked vehicle, paved road, 4 to 36 mph in 2 mph

increments, MHS secured aft end of right sponson, -
7. Repeat of Run No., 6,
8, Mi13 tracked vehicle, crosa country course No, 3, normal

speeds, MHS secured aft end of right sponson,

la, Mi13 tracked vehicle, paved road 4.36 mph in 2 mph
increments, MIIS cushioned aft end of right sponson,

10, M113 tracked vehicle, paved road, acceleration to max,
speed, MHS secured aft end of right sponason.

11, Mil13 tracked vehicle, cross country course A, normal
speeds, MHS secured aft end of right sponson,

132




|
% TABLE VI
g RESULTS FOR M-113 ARMORED PERSONNEL CARRIER
iﬁ Frequency (Hs)
i e 10.6 | 27.2 | 36.9 | 48.2 | 75.9 [ 104.6 [ 132.4 J115.9
g A. Peak Microstrain and Amplification Factor for Analysls
i
]
3 i 6 (Field) 225 705 | 1330 | 1450 | 1850 3700 | 2660
' d 6 (Lab) 165 725 | 1250 | 1530 | 1410 § 2100 ] 1050
: Z X10 xS X3 X2 x2 X1 X1
4 8 (Fleld) 650 805 930 425 625
3 '8 (Lab) 610 865 | 1130 665 | 405
A XS XS X3 Xs Xs
- 9 (Field) 1290 585 505 245 | Low | Low | 245
4 2 X3 X7 X7 X10 X10
2 11 (Field) 370 410 | 1010 | 1170 | 1570 1490
E Xto | X10 | xs X3 | x2 X3

B, Resistance Values for One Mission {ohms)

‘6 (Field) 0,068 |0.14 ]0.559 | 0.297| 3.470)0.800 ;0,205

6 (Lab) 0.035 }0.11 0.516 | 0.653| 0,734 |0.288 Low
!B {Field) 0.039 {0.471 {0,097 | 0,025] 0,702
8 (Lab) 0.211 |0,714 (0.296 | 0.568] 0,069
9 (Field) 0.135 0,126 ]0.119 | 0.074 0,042

111 (Field) 0.067 |0,427 [0.356 0,785 | 1,168 |1.696
L
C. Mission Ratio 3 .
6 0.361 |0.715 ]0.888 | 2.845| 0.036 {0.252 | Low %
:8 11,61 [1.758 |[4.582 88.71| 0,042 i <
i I i
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AN EVALUATION OF SHOCK RESPONSE TECHNIQUES
FOR A SHIPBOARD GAS TURBINE

J.R. Manceau and E. Nelson
AiResearch Manufacturing Company of Arizona
Phoenix, Arizona

The response of a large gas turbine engine as tested
on the Navy Floating Shock Platform was calculated by
the transient response and shock spectrum methods.
Four methods of combining the modal contributions
were used for comparison with the transient response
method. Both flexible and rigid rotors were modeled
in order to evaluate the required degree of detail

in nodeling. Accelerations, deflections, bearing
loads and mount loads were obtained.

INTRODUCTION

Equipment intended for application
on naval ships must often demonstrate
combat durability. Heavy weight equip-
ment are tested on the Navy Floating
Shock Platform (FSP) by mounting the
test equipment on the specially built
barge, instrumenting and_ shocking with
underwater explosions [1]. As rela-
tively light weight power sources,
large gas turbines can be particularly
gensitive to shock if improperly
designed. Primary potential prohlem
areas associated with shock on a gas
turbine are: the engine structure,
engine mounts, accessory mounts, bear-
ings and severe rotor tip rubs. A
detailed shock analysis during the
engine development program can indicate
problem areas and through modifications
minimize the required post test rede-
sign. Analytical tools that are cur-
rently available allow complex engine
systems to be modeled with hundreds of
degrees of freedom for study by tran-
sient response or shock spectrum
methods. The former, more involved
analysis, prcduces responses versus
time whereas the latter simpler method
provides only approximations to the
largest responses. With large analyt-
ical models, the detail required to
produce desired results becomes an
important factor. The study herein
presented was made to compare the
results of the transient response
method with those of the shock spectrum
method as applied to a shipboard gas

Preceding page blank

turbine, to give some indication of the
factors dictating if rotors can be
modeled as rigid bodies and to provide
an example of shock analysis on a large
shipboard gas turbine.

CONCLUSIONS

Transient response and shock spec-
trum analyses both have a place in shock
studies. The transient analysis allows
piecewise linear solutions and provides
additional appreciation of the response
by yielding the entire time response
rather than an approximation to the max-
imum values. However, the simplicity of
the shock spectrum method is very at-
tractive. Based on the system studied
here, the recommended shock spectrum
response method of combining modal con-
tributions is the second modified root
summation square approach, whereby, the
two largest modal contributions are
added to the square root of the sum of
the squares of all other modal contribu-
tions. Although this method is not as
accurate as the first modified summation
method, it is generally conservative and
has a small and more cnnstant discrep-
ancy relative to the transient solution.
The first modified summation method was
found to be unconservative, When a con-
servative design approach is justified,
a response obtained from direct summa-
tion of modal contributions can be
applied in design with complete confi-
dence that the transient response for
the same model will be less.
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A square pulse of 0.005 sec dura~-
tion and of 65.5 g's amplitude is recom-
mended for simulation of the FSP design
shock spectrum when a trancient response
method of analysis is preformed.

The precise degree of detail re-
quired in a model is difficult to estab-
lish. 1If the lower natural frequencies
of the system contain bending in a
rotor, ard if the rotor is represented
as a riqgid body, then significant errors
in quantities directly related to the
rotor can result. It is recommended
that all expected modes of vibration
that contain significant amounts of
energy be allowed to occur by the model.

DESCRIPTION OF THE SYSTEM ANALYZED

Shown in Figure 1 is a schematic
of the engine system model used in this
study. The power turbine and gas gen-
erator rotors wlt 'ch are hidden in Figure
1 are shown in Figure 2. The mount
points of the engine case to the sub-
structure are indicated in both figqures.
The 404 1b power turbine, 470 lb gas
generator and 3785 lb case are coaxial
and interconnected by linear radial
springs ) :presenting the bearing stiff-
nesses. Thrust bearings at the compres-
sor end of the gas generator and at the
turbine end of the power turbine are
modeled Ly axial linear springs. Mass
and inertia properties are lumped at
discrete points and interconnected by
flexible beams. As shown in Figure 3,
the engine is mounted to the rigid
15,000 1b substructure at the proper
locations to provide a statically deter-
miriant system. The forward bottom mount
is pinned taking vertical and transverse
loads. The rear bottom mount is pinned
taking fore-and-aft and transverse
loads. The vertical side .ount beams
are pinned at both ends taking only
vertical loads. The rear mount side
flex bars are rigidly attached to the
case at the forward end and pinned at
the rear connection taking vertical and
transverse loads. The substructure is
centrally mounted to the FSP by four
beams to simulate a deck mounting. The
deck beams are connected to the FSP with
a pin such that only transverse moments
are released. The beams are choosen to
provide a fundamental natural frequency
of 29.5 cps. The total length of this
system is 18 ft. 4 in. Two models are
considered, one with flexible rotors
and case resulting in 98 degrees of
freedom and another simpler model with
rigid rotors and case and effectively
22 degrees of freedom. Both models are
three dimensional and in general pos-
sess 6 degrees of freedom at cach node.

The system excitation for the tran-
sient response analysis is provided by a
square pulse in the vertical direction
whose corresponding shock spectrum is
very similar to the vertical PSP design
shock spectrum [1) The excitation for
the shock spectrum analysis was provided
by the shock spectrum for this square
pulse rather than the design shock spec-
trum of the FSP., A comparison of the
vertical FSP design shock spectrum and
that of the square pulse is shown in
Figure 4. The square pulse amplitude
was 65.5 g's for a duration of 0.005
sec.

ANALYSIS

Eigenvalues and eigenvectors were
obtained for both the rigid rotor model
and the flexible rotor model with a
finite element beam program. Gyroscopic
stiffening was not in~luded in the
analysis. A transient response analysis
was performed on both models with a pro-
gram using the method outlined in the
Appendix. System accelerations, and
deflections, bearing loads, mount loads
and relative deflections at potential
tip rub locations were obtained. The
flexible rotor model was also analyzed
on a shock spectrum program based on
the analysis presented in the Appendix.
The above mentioned quantities were
obtained by the shock spectrum method
using four methods of summation of the
modal contributions: (1) the direct
summation of modal contributions, (2}
the root summation square approach, (3}
the first modified root summation square
approach, and (4) the second modified
root summation square approach. The
analytical form of these methods are
presented in the Appendix. The root
summation square method is considered
in [2), and the first modified root sum-
mation square method is recommended for
specific applications in [3], [4] and

PRESENTATION OF RESULTS

Shown in Table I are various flex-
ible rotor acce.erations, deflections
and loads as calculated by the transient
response method and by the various modal
summation methods to the shock spectrum
method.

Table II contains a comparison uf
the same quantities in Table I for the
rigid rotor and flexible rotor models
resulting from the transient response
analysis. Figure 5 shows a comparison
of the time response of the accelera-
tion at the engine c.g. for the two
models and Figure & shows a comparison
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TRAMSVERSE (T)
FIRST PONER TURBINE
BEARING (V and T SPRING) THIRD POWER
TURBINE BEARING
SECOND POWER TURBINE (v,7,and A SPRING)
BEARING (V and T SPRING)
COLD ERD (FRONT) BOT EXD (REAR)
POMER TURBINE +.
. . L . e
() n
GAS GENERATOR
SR H
CASE — &

Zm ERD OF FLEX
BAR (SEE FIG. 1)

REAR BOTTOM MOUNT

AND MRWARD END

OF FLEX BAR(SEE FIG, 1)
GAS GENERATOR

TURBINE BEARING

(v and T SPRING)

FORWARD BOTTOM MOUNT
(SEE P1G, 1)

GAS GENERATOR
COMPRESSOR BEARING
(v,T,and A SPRING)
GEARBOX

NOTE: V,T and A REFER TO THE COORDINATE DIRECTIONS

Fig. 2 - A schematic of the concentric beam portion
of the large gas turbine engine model
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Fig. 4 - Shock spectrum
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TABLE I

SELECTED MAXIMUM RESPONSES OF THE FLEXIBLE
ROTOR SYSTEM BY THE TRANSIENT RESPONSE METHOD
AND CORRESPONDING PERCENT ERROR OF “HE
SHOCK SPECTRUM METHODS

Transient Shock Spectrum % Errors
Response Modified | Modified
Time Root Root Z Root T Z Of Model
Location (sec) Value 3 Square 1I Square II} Square |[Contributions]
Accelerations (g's)
Gearbox 0.009 62.4 -3.8 +3.4 -23.9 +8.7
Engine c.q. 0.027 62.5 +1.4 45.6 -12.6 410.2
Substructure 0.011 58.7 +1.2 +2.7 -15.7 +4.4
Gas Generator
2nd Compressor 0.010 75.3 -5.0 +3.7 -23.2 +6.6
Deflections (in.)
Gearbox 0,010 0.616 0.0 +2,.6 -15.7 +2.9 3
Engine c.g. 0.011 0.670 +0.¢9 +1.9 -9.1 +2.2 ]
Substructure 0.011 0.624 +0.6 +1.0 -12.0 +1.1 ]
Gas Generator f
2nd Compressor 0.011 0.707 +0.3 +1.7 -10.9 +2.3 3
Bearing Loads (lbs) i
Power Turbine Brgd )
lst 0.08 49,153 +0.1 +1.9 -29.2 +2.5 :
2nd 0.08 76,678 0.0 +2.2 -29.2 +2.5
3rd 0.08 301,267 +0.9 +3.6 -27.7 +5.2
Gas Generator Brgs 1
Compressor 0.009 7,537 -1.4 +8.5 -22.3 +17.4
Turbine 0.148 29,453 ~5.5 +4.1 -26.0 +11.9 |
Vertical Mount Loadﬂ (1bs)
Forward 0.009 127,530 -12.9 +4.3 -38.4 +10.5
Rear Mount 0.096 165, 860 -4.7 +3.4 ~23.2 +6.7
Average % Error -1.9 +3.4 -21.3 46.4
Standard Deviation of This Selection 3.9 1.9 8.4 4.6
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TABLE II

SELECTED MAXIMUM RESPONSES OF THE FLEXIBLE
AND RIGID ROTOR MODELS

Flexible Rotors Rigid Rotors
Location Time value Time value
Accelerations Gearbox 0.009 -62.4 0.0l10 -62,1
Engine c.g. on Case 0.027 62.5 0.027 66.0
Substructure 0.011 -58.7 0.011 -58,7 3
Gas Generator Turbine 3
Bearing 0.010 -75.3 0.010 -78.9
Deflections Gearbox 0.010 0.616 0.0l10 0.616
Engine c.g. on Case 0.011 0.670 0.011 0.673
Substructure 0.011 0.624 | 0.011 0.626 ]
Gas Generator Turbine b
Bearing 0.011 0.707 0.011 0.718
Bearing lLoads Power Turbine Bearings
1lst 0.08 49,153 0.008 2,238
2nd 0.08 76,678 0.008 5,430 3
3rd 0.08 301,267 0.008 164,895%
Gas Generator Bearings
Compressor 0.009 7,537 0.009 10,124%
Turbine 0.148 29,453 0.146 23,713 %
Ver'.ical Mount Forward Mount 0.009 127,530 0.009 129,142
e Rear Mount 0.096 165,860 | 0.092 | -116,943% ﬂ
'::éaiive maximum occurred at approximately the same time as the flexible rotor i
el.
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of the time response of the second bear-
ing load of the power turbine rotor for
the two models. Both of these figures
were obtained from the transient re-
sponse analysis.

Rotor deflections are sufficiently
large to ensure that rotor tip rubs will
occur. Shown in Figure 7 is a time
response of the relative deflection
between the case and the various rotors
where tip rub is a potential problem.
The symbols on the plot are located to
indicate the time at which tip rub will
occur for the indicated rotor stage.

DISCUSSION

The excitation used in this study
was the square pulse indicated in
Figure 4. As compared to the recom-
mended design shock spectrum for the
FSP, the shock spectrum of the square
pulse generally is in good agreement.
From 100 Hz on up the agreement is very
good, but at 67 Hz there is a disagree-
ment of 13 percent. A transient re-
sponse analysis that is intended to
simulate the recommended shock spectrum
will give low results if a mode of about
67 Hz is present and if this mode is
participating significantly in the re-
sponge of the degrees of freedom in
question. If this is a problem, and use
¢y t-e transient response technique is
esgential, modal weighting factors can
be used. Variations between these two
shock svectrum are not important in the
comparison of transient response analy-
sis and the shock spectrum analysis or
in the comparison of models.

The shock spectrum analysis of both
models used 24 modes of vibration.
Examination of selected degrees of free-
dom responses indicated that after the
13th mode, which was 131 Hz, the modal
contributions were negligible.

The percent errors of the various
summation methods of modal contributions
as compared to the maximum transient
response solution give an indication of
the corresponding conservatism. These
results must not be accepted as repre-
sentative of all dynamic models but
rather as an example of the model
studied here. The quantities selected
for Table I were chosen because of their
engineering interest, not because of
credence they added regarding the better
method of shock spectrum analysis. The
maximum values chosen occurred within
the ipitial 0.15 seccnds. It is felt
that in reality there will be sufficient
damping in the system to preclude the
possibility of larger responses after
this time. During the first 0.15 sec
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the lowest frequency goes through over
four periods. With 2 percent damping,
the vibration amplitude will be reduced
to 57 percent of the original amplitude.
The root summation square method as dis-
cussed is always unconservative by a
significant amount. The first modified
root summation square approach is more
conservative, but for this example is,
on the average, still unconservative.
Although this method generally agrees
well with the transient response method,
significantly unconservative results can
occur as shown by the -12.9 percent
error on the forward mount load. The
second modified root sammation square
approach is still more conservative,
less accurate on the average but has a
more consistent error. That is, the
standard deviation is smaller. Although
the quantities shown are always conser-
vative for the second modified method,
some quantities not tabulated here were
slightly unconservative. The only way
to be completely confident that all
results are conservative is to use the
last method, the sumaation of modal
contributions. This study indicates
that for the system studied here the
better method is the second modified
root summation square method. The ap-
proach combines a generally conservative
result with close approximation to the
transient response solution. However,
the summation of modal contributions
provides complete confidence that all
results are conservative but not exces-
sively so. These comments up to now
have delt with analytical comparisons.
No comparisons of the shock spectrum
methods with test data are implied. 1It
may be that other factors not included
in the analysis may be sufficiently
strong to warrant the use of other
approaches.

The results shown in Table II
demonstrate that the simple rigid rotor
model was adequate for some quantities
but that the flexible rotor model was
necessary for others. Of the engineer-
ing quantities of general interest, the
accelerations, deflections and mount
loads agree very well for the two
models. The gas generator bearing loads
agree moderately well, and the power
turbine loads are in gross disagreement.
The power turbine rotor is very flexible
and as a result, several of the lowest
frequency modes contain a‘significant
amount of power turbine rotor bending.
The gas generator is much stiffer and
so has bending only in the higher modes.
The case is very stiff and has bending
only in the very high modes. A general
guideline is, as may be expected, if the
lower natural frequencies of the system
contain bending in a rotor, and if the
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RELATIVE DEFLECTION (IN.)

CLEARANCE | CLEARANCE TIME
SYMBOL | LOCATION (IN.) | AT RUB(SEC.)
A POWER 030 00608
TURBINE
GAS GEN.
o 1st comp. | <025 0074
GAS GEN.
® 2nd comp, | 025 +00693
GAS GEN.
® TURBINE .025 00667
.07 i
.06 ,/f\\
.05 l
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Fig. 7 - Relative deflections at the rub locations
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rotor is represented as a rigid body,
then significant errors in quantities
directly related to the rotor can
result. The good agreement demonstrated
on some quantities can not be relied on
for all models that have significant
similarities to the model studied here.
Figure 5 indicates how well the results
from the two models agree on the engine
c.g. accelerations and Figure 6 indi-
cates how gross the disagreement can be,
for example, on the power turbine second
bearing load.

The relative deflections at the
potential tip rub locations shown in
Figure 7 indicate that for the antici-
pated tip clearances, tip rubs can be
expected beginning at 0.00608 seconds.
This i3 not expected to curtail properx
functioning of the engine even though
performance may deteriorate because of
increased tip clearances from wear.

The effect of tip rub on case deflec-
tions, case accelerations and mount
loads is expected to be small. The
effect on bearing loads will be very
significant since a great deal of
dynamic radial load will be carried at
the rub location. The first and second
power turbine bearings are expected to
increase in load even after rub since
the rub location is sufficiently remote
that it will rot take load away from
them. The third power turbine bearing
load, however, should not increase
greatly after rub since the rub location
is adjacent to the bearing. The gas
generator rubbirg loads will be relieved
by rub at the two compressors and the
turbine.
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APPENDIX

ANALYTICAL METHOD

Consider the system:
¥a t

1
k YR
;

vp ¢

BASE

where y, is the absolute displacement
of the mass, m, yg is the displacement
of the base, yr is the displacement of
the massg, m, relative to the base and k
is the stiffness. The corresponding
equation of motion is:

myAvkyR=0

where,
2
s ee e e o doly)
¥y = ¥g ¢+ ¥ and (y) 5
dt
so that,

Mg * kYp = My

Extending this to a system of equations
for a multi-degree of freedom system on
a common base gives:

[m] 1¥gi+ (Kliyvgh= -[m]{¥l (n

The matrix {y,} is populated for only
those unknown displacerents and/or
rotations for which the base motion is
specified. 1Introducing the modal trans-
formation,

{YRi = [é]{n} (2)

whrre [¢] are the eigenvectors of the
system and [7n} are the modal coordinates,
the equations of motion may be uncoupled
by substituting Equation (2) into,_Equa-
tion (1) and premultiplying by [¢]
giving:

(17 (m)(e)7ie (817 (XN elni= - (417 [m] 171

The quantities [¢]7 (m][¢]ana [¢]T (xJ¢)
give the diagonal modal mass and_modal
stiffness matrices, [Ml and [K] .
resulting in an uncoupled system of
equations:

(M 1+ (K] {nt =

As a result, the original coupled equa-
tions excited by}yB[and as showr in

-#]7 m 1. )
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Equation (1), have been transformed to
uncoupled equations excited by|¥g. The
transieat response solution is cbtained
in closed form by describinglyg} analyt-
ically and solving the resuliing linear
second order differential equations.

The resulting values of {nl. |79} andi%}
can be transferred back to {yné. {vr}
and {Yp} with the application of Equa-
tion (B).

The shock spectrum solution is
obtained by rewriting Equation (3) as:

M 11+ [ imi= -6) [m) 18V, @)

where YB is a scaler and|B}is composed
of ones for those degrees of freedom
contributing to motion in the direction
of yp and zeros for the others.

Equation (4) may be written to give

M) FEe (K] dni= {e} Vg (5)

where,

{et= -[¢]" (m] 181

The absolute values of the re-
sponses of {nf, {7}, and {3} are obtained
by solving the equation:

(] 81 + [K] |s} = |-V

for {iSi}, }IS!} and {ISI}. These may
be obtained from shock spectrum data.
This is particularly useful when ¥, is
not analytically defined as with the
FSP. The absolute amplitude of the
modal coordinate is given by:

I3l =05 159

A modified version of Equation (2) may
now be used to transform back to an
argroiimation tu';lep

(vpe) = 55317l (6)

max g

where £ is the number of modes. This
can be referred to as the summation of
modal contributions, It leads to an
approximation for the maximum response
of yj. It is always conservative since
all modal contributions are considered

to be in phase. Another method has been
used where:

) R
b3 ) 2
o) =\/j=1,lp (435 |n3]) (7)

This is denoted the root summation
square approach. Based on experience
this method has been found generally
anti-conservative (relative to transient
solution maximum).
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Another commonly used approach is
in which:

(yRi)max - (¢ij| ﬂjl )max

T e e 02 - ) @)
AL SH LTI (¢"1|’13')m’(‘

Thic is the largest modal contribution
plus the summation of all the other
modal contributions. This approach can
be conservative or anti-conservative

and can be called the first modiried
root summation square approach. .u.other
method which is slightly more conserva-
tive can be expressed as:

) YL ($i.|n:1)
¥as ax ¢1J|ﬂ3| o 13' 31 emie

max

.y 2
*\3=12 @GijlnsD7 - Wiy

) 2
- . 9
(¢13ln3l) semi-mai )

Here, the two largest modal contribu-
tions are added to the square root of
the sum of the squares of all the other

DISCUSSION

Mr, O'Hearne: (Martin Marietta Corp.) 1In a caae
like this my overall conclusion would be to do
the transient analysis, it {s not that big &
deal, and vou have nothing to wonder about
except your modeling.

Mr. Manceau: That is baaically right, there
are aome advantages to the shock spectrum
analysis. First it computer time, second
it {s usually a little easier so there is a
little less opportunity for error, and third
we based our excitation on the recommended
deaign shock spectrum even though there are
some questions on its validity, It {s fairly
conservative, and so with that in mind the
question ia do we need to use as sophfaticated
a method as a complete transient response
solution? 1n general, 1 have to agree with
your comment and 1 don't think there is any
real answer at this time.

Mr, Shell: (NRL) For some items that can't be
tested on a floating shock platform there is a
requirement that analysis be performed. The
Navy's Dynamic Design Analysis Method might be
used and [ believe, that the first means of
summing the modes, that {s the first modified
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modal contributions. Thiscanbe called
the second modified root summation square
approach. The logic of this approach
is based on the expectation that in a
reasonable amount of time, the first
two modal contributions will be in
phase. At that same instant of time,
the other contributions can be expected
to add still more and are accounted for
by the square root of the sum of the
squares of their values.

The calculations for loads and/or
stresses can be expressed as functions
of the system displacements and rota-
tions and are found by transformations
of the form

Lt = (B)y] (10

where |L | are the desired quantities

and [? is the appropriate (stiffness)
transfer matrix. The values of jy|

that are used must be at the same
instant of time which is not the case
for the results of the shock spectrum
approach. Thercfore, the transforma-
tion to obtain {L} must be performed
with the modal coordinates. A new modal
transformation matrix is found to be

(@] = [R](#]

and the new modal transformation magrix
(®#] is used in place of [¢] in Bquations
(6) through (9).

modal summation method, includes the largest
response plus the square root of the sum of

the squares of all of the other modes.

However you recommend that on the basis of the
fact that the two modes can get into phase

with each other that they be used. Aside from

the actual comparison with vour solution, did you
do anything to verify, or do you have any other
rationale for saying, that these two modes

would get into phase with each other?

Mr. Mancesqu: The frequencies are commonly such
that in & reasonable amount of time both will be
going through one perfod so there is a very

high probability that they will be in phase;
beyond that that method is more conservative than
what 1 called the first modified method.

Mr. Butzel: (Boeing Company) 1f in fact you have
two modes that nearly combine in phase wouldn't
this indicate that the sum of the squares method
would produce an estimate that fa spproximately
in the ratio of 2 to 1.4 compared to aumming

all the modes together? Would this account

for the generally low estimate that you would
obtain from the squares method?

Mr. Manceau: The sum of the squares method
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? places every mode %0 degree out of phase with
every other mode and {n doing that vou will
1 obtain a lower result,
:
-
4
: E
& .
3

150




PP

THE DEVELOPMENT OF A WATER PARTICLE VELOCITY METER

John D. Gordon

Naval Ship Research and Development Center.
Underwater Explosions Rescarch Division

Postsmouth, Virginia
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A method of making a direct measurement of the water particle velodity due to the shock
wave of an underwater explosion is discussed in this paper.
ticle velocity produced by shuock waves from tapered and compact charges are compared
with computations of velocity based on pressure measurements.
pendent measurement of water particle velocity provides a check on the calibration of the
piezoelectric gages used to measure pressure.  Uses of the water particle velocity meter in
applications where computations of particle velocity are unreliable are also discussed.

Measurements of water par-

It is shown that the inde-

INTRODUCTION

The design of marine structures which are resistant
to the shock of underwater cxplosions is facilitated when
accurate computations of the response of the structures
to underwater shock loading can be made. To verify a
structural analysis technigue or provide information neces
sary for the further development of the technique. ex-
periments must be performed in which both the loading
and structural response are measured.  Water particle
velocity as well as shock wave pressure is part of the
spucification of underwater shock wave loading. When
the form of the wave propagation plane. spherical. etc.}
is not known or reflections are involved. the relationship
between vector particle velocity and scalar pressure is not
known well enough to determine the particle velocity
loading from the pressure measurements alone.  Under
these conditions a direct measurement of particle veloc-
ity should be made to determine the particle velocity
loading.

In September 1973 the Naval Ship Rescarch and
Development Center (NSRDC) conducted experiments in
the Chesapeake Bay in support of the analytical predict-
ions of shock response of submeribles being carried out
by contractors of the Structural Mechanics Program of
the Office of Naval Rescarch (ONR) under the DNA
ONR/NAVSEA Shock Hardening Program.  The ohjective
of the experiments was to determmne the loading and re-
sponse of 2 small scale suhmarine model suhjected to the
shock wave of an clongated charge consisting of a series
of truncated cones (tapered charge). Because the re
lationship between water pressnre and water particle ve-
locity for tapered charge shock waves is not exactly
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known. the requirement was established by ONR con-
tractors that the loading be determined hy free field
measurements of both pressure and particle velocity. The
unavailability of a suitable water particle velocity meter
previous to this applicaticn necessitated the use of a
particle velocity meter developed at NSRDC especially for
this project.

OBJECTIVE

The purpose of this paper is to give the character-
istics of the water particle velocity meter recently de-
veloped at NSRDC and to demonstrate its effectiveness in
measuring the particle velocity of shock waves resulting
fromn the underwater explosion of compact and tapered
charges.

APPROACH

The velocits meter normally used by NSRDC 1o
measure structural velocity transients provides the basis
for the water paiticle velocity meter design.  This
structural velocity meter caonsists of a coil wound tube
with 2 spring mounted bar magoet inside.  The siructural
velocity meter is adapted for use as a water particle ve-
locity meter by sealing the tube with appropriately de-
signed end caps and seismically mounting the resulting
cvlinder in the desired orientation underwater  When the
cylinder is made nentrally hnoyant, it moves with the
surrounding water and a voltage proportional to the
tongitudinal relative velocity between the water and the
nagnet is prosvided as the output.
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THE WATER PARTICLE VELOCITY METER

Fig. | is a schenuatic of the particle velocity meter
developed at NSRDC. The cylindrical coil form is
wound with two electrical coils connected in scries op-
position.  The inertial reference is provided by a bar mag-
net aligned with the axis of the tube by means of
helical springs. These springs join the ends of the mag
net to a Jongitudinal brass bar attzched to the inside sur-
face of the tube. Aluminum end caps arc provided to
seal the ends of the tube and restrain the total Jongitu-
dinal travel distance of the magnet to | inch. Each end
cap has 3 pad eyes which provide points of suspension
for scismically mounting the particle velocity meter. A
small iead mass is cemented to the outside edge of each
end cap on the side opposite the brass bar. These lead
masses are of equal weight and arc provided to adjust the
buoyance of the particle velocity meter. They abso tend
to balance the brass bar. The lead masses are varied un-
til the weight of the particle velocity meter in sea water
is equal to the weight of thc magnet in air. When this
requirement is met. the particle velocity meter cylinder
exclusive of the magnet is neutrally buoyait and will
move with the surrounding water.

LEAD MASS

pe—— END CAP

ColL

SPRING

MAGNET

BRASS BAR

1%"” DIAMETER
4" LENGTH

Fig. | - Water Particle Velocity Meter

»
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The voltage sensitivity of the meter to Jongitudinal
relative velocity between the coil form and magnet varies
slightly with magnet position aud is determined experi-
mentally in air. Fig. 2 is a plot of the ratiu of the
sensitivity (o the peak sensitivity as a function of magnet
displacement from one end of the cylinder. The sensi-
tivity of the meter is taken as the peak. Deviation from
the peak sensitivity greater than that shown in Fig. 2 is
not permitted. The directional sensitivity of the meter
was determined experimentally in air using a ballistic
shock generator to separately provide longitudinal and
cross-axis step input velocities. Fig. 3 shows the longitu-
dinal and cross-axis meter response to longitudinal and
cross-axis step inputs of 4 ft/sec  The meter cross-axis
insensitivity seen in Fig. 3 demonstrates good directional
characteristics.

The use of the particle velocity meter requires a
structure of fixed orientation in the water from which the
meter is seismically mounted by rubber bands. The rub-
ber bands must maintain the axis of the c3linder in the
direction of the desired particle velocity component with-
out much restraint of longitudinal motion. A longitudinal
frequency of 3 Hz in air is used for this purpose. Fig 4
is a picture of a horizontal particle velocity meter and a
vertical particle velocity meter seismically mounted for
use. For the small fast particle motions due to a shock
wave. the neutrally buovant cylinder moves with the
water and the magnet remains fixed in space. The volt-
age output of the meter is proportional to the average
water particle velocity over the length of the meter.

The steady state sinusoidal frequency response of the
particle velocity meter in watcr has been investigated
theoretically by considering the longitudinal envelopment
of the meter by a plane free water pressure wave ignor-
ing shock wavestructure interaction. The calculated
ratio of the meter indicated velocity to the particle veloc-
ity at the coordinates accupied by the center of the meter
meter is given vensus frequency in Fig. 5. Frequencies
at which the input is faithfully reproduced lie between
the Jow frequency resonance due t the magnet seismic
system and the high frequency cut off determined by the
metcr length. Fig. 5 gives high frequency characteristics
which are optimistic because the shock wave-structure
interaction ignored in the calculation tends to reduce the
high frequency cut off frequency. The well known
charactenistics of the magnet spring mass system permit
the low frequency resonance to be removed through
seismic correction.  However, high frequency extension of
the meter response can be done with confidence only hy
a redesign of the mcter using a shorter cylinder length.
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Nominal particks velocity meter specifications are
given in Table

TABLE I

Particle Velociny Meter Specifications
Sensitivity 15 mv ft vee
Max. Magnet Displacement | inch
Magnet Seismic Frequency 7 H:
Length 4 inches
Diameter 1.25 iaches
Total Mass 59 gm
Magnet Mass 14 gm
Resistance 20 ohms
Capacitance 150 pfd
Inductance 1§ mh

MEASUREMENTS OF PARTICLE VELOCITY

The particle velocity and corres -2 g pressure in
underwater shock waves prodoced by the explosinn of
compact and tapered charges have been measured using
the NSRDC particke velocity meter and a commercial
tourmaline pressure gage. A computation of particle

velocity from measured pressure assuming a spherical wave
has been made for comparison with the measured particle
velocity.  Fig. 6 is the shock wave pressure and the com-
parison of measured and computed radial particle velocity
at 400 ft. distance from a compact charge. Since the
compact charge produces a spherical wave, the velocity
comparison shown in Fig. 6 provides a check for incon-
sistency between the particle velocity and pressure meas-
urcments. Because the particle velocity measurement is
made nsing an untested meter. the good agreement seen
n Fig. 6 is taken as a verification of the operation of
the particle velocity meter.

Having den.onstiated the operation of the particle
velocity meter in the known spherical shock wave of a
compact charge. the meter was used in the tapered
charge experiments for which it was developed. The
shock wave pressure 70 ft. from a tapered charge in the
direction of the charge axis is given in Fig. 7. The cor
responding vertical and honzontal particle velocity are
given in Fig. X. The comparison of the horizontal par-
ticle velocity computed from pressure with that measured
using the meter shows that the spherical wave assumption
applies and further strengthens confidence in the water
particle velocity meter. The vertical partical velocity plot
shown in Fig. 8 provides a measurement of the vertical
kick off velocity of water particles at the arrival of the
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reflection from the surface. In general 3 water particle able assumptions that results cannut be considered re-

1 velocity vector is the resultant of ircident and reflected liable. As seen in Fig. 8, particle velocity meters allow
waves from different directions. When reflections are the components of particle velocity to be measured di-
involved, obtaining particle velocity from scalar pressure rectly and the resultant loading on underwater structures
measurements by computation involves so many question- determined after reflections have occurred.
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Fig. 7 - Shock Wave Pressure, Tapered Charge
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DISCUSSION

The experimental data from the water particle ve-
locity meter shows that the approach taken in the desige
of the meters is satisfactory so long as the anticipated
pressure is not high enough to damage the meter and
frequency response requirements are not too severe. The
data indicates that the rise time of the meter output to
a plane step pressure wave is about 1.5 times the longitu-
dinal transit time. For the meter discussed. this nise
time is about .1 msec and is ample for the measurement
of the long time constant shock waves produced by
tapered charges.  An additional application for the par-
ticle velocity meter is its use to provide an independent
check of piezoelectric pressure gage sensitivities under
shock conditions.  Pressure gages e nsually calibroted

under quasi-static conditions and an independent evalua-
tion of their performance under shock is necessary before
full confidence can be placed in them.
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