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WELCOMING SPEECH 

Dr.  D.  Zonari 
Chief Scientist 

Air Force Flight Dynamic! Laboratory 
Wright-Patterson Air Force Bate, Ohio 

The Air Force Flight Dynamic» Laboratory 
ha« for a very long time,  given support to «hock 
and vibration technology a« well as to the Shock 
and Vibration Info-mation Center.    1/ my mem- 
ory serves me corK-r'.iy,  the Flight Dynamics 
Lab people »ere the hosts of your first sympo- 
sium that was given outside of the  Washington 
Area.    1 believe it was the 1 Jtt   symposium. 

We have all seen great changes in the aero- 
nautical technology since that tim«.    Perhaps 
the advances in aviation and aerospuce have been 
more dramatic than in any other area of our 
National Technology.    The »nock and vibration 
people have always been an essential part of 
these advances and believe me,  these advances 
in aerospace vehicle configuration,   si?«, per- 
formance, and combat effectiveness hav>' taxed 
everyone's ingenuity. 

The Flight Dynamic» Laboratory's activity 
in shock and vibration involves two Divisions of 
the Laboratory:    The Vehicle Dynamics Div.- 
«lon, of which your Chairman is the Division 
Chief,  and the Vehicle Equipment Division 
under Dutch Hildebrandt. 

The Vehicle Dynamics Division assail» such 
problems a» flutt"r,  vibration,  dynamic loads - 
which is the airframr engineer's name for »hock 
-- the problems of noise and its effects on the 
crew and on structures,   which as we al 1 know, 
have become »juile an important part of the dy- 
namics technology.    An important function of 
the Dynamics Division is the practice as well 

as the development of dynamic measurement» 
technology.   Much of the data on viuration ist 
airplanes come» from this Division of the Air 
Force Flight Dynamics Laboratory. 

The Vehicle Equipmert Division has ad- 
vanced technology in the area of the reliability of 
equipments •- consideru.» IK-V only shock and 
vibration, but also the combined effects of tem- 
perature, humidity and other associated aspects 
of the environment in which we find our military 
airplanes operating.    Vehicle Equipment Division 
also develops component« of the landing gear, 
taking into account the shock and vibration stand- 
point:   wheels, tires,  brakes,   struts,   side 
brace» -- and new concepts in flotation and land- 
ing system» such as the ACLS, the air cushion 
landing sytem. 

We look forward to continuing our support 
of the »hock and vibration technology as a con- 
stituent part of the efforts of the Laboratory. 
We sense the challenging problem of keeping 
down the cost of ownership of military airplane < 
a» pointed out by Mr.  Peterson.    I can think of 
no other technology that has so much promise 
for doing just that.    With the skills and the tech- 
nology that you have developed,  with the far 
reaching implication of the reliability problem, 
you are uniquely qualified to play a major role 
in this endeavor. 

The Flight Dynamic« Laboratory sincerely 
welcomes vou to Dayton and wishes you well in 
this 4Sth Shock and Vibration Symposium. 

Precedini page Hank 
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ADDRESS OF WELCOME 

George Peterson 
Director 

Air Force Material* Laboratory 
Wright-Patterson Air Force Base, Ohio 

I would like, on behalf of the Materials 
Laboratory, to welcome you to Dayton.   I noted 
that this is the 45th Shock and Vibration Sympo- 
sium.    This is an indication that the shock and 
vibration problem is truly one that is significant, 
and I 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 is represented by the Military Services, 
NASA and Industry to attack the probU-ms in- 
volved.   Certainly today,  in ihe environment 
we're in,  its 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.    I 
think you »ill »re in the future more interde- 
pendrncy in program activities and certainly it 
i* the resources picture that is driving us in 
this direction,  more and more every day. 

I would say that the Materials Laboratory 
is emphasizing research and development that 
will prolong the life of existing materials.   This 
emphasis is to make them withstand the kind of 
environments that our ■ eapons systems are 
faced with, make them last longer and cost lest. 

both in the cost of acquisition and the cost of 
ownership.   I think that's the name of the game 
also in shock and vibration, and 1 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 
f;om the standpoint of the National interest. 

With that, 1 hope you have a successful 
meeting.    I think that the papers,  at least those 
I looked at, are extremely interesting.   I 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 are putting our energies in the truly 
important and significant directions. 

Thank you vtrf much and I hope you have a 
good meeting. 

Preceding pap Hani 
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KEYNOTE ADDRESS 

Lt General James T. Stewart 
Commander. Aeronautical Systems Division 

Wright-Patterson Air Force Base, Ohio   45433 

Good Morning,  Ladies and Gentlemen: 

On behalf of the Aeronau'ical Systems Divi- 
sion,   let me add my personal   velcome to those 
already expressed by Mr.  Peterson and Dr. 
Zonars. 

I really mean it when I say that tne Aero- 
nautical Systems Division is privileged to co- 
host the 45th Shock and Vibration Symposium 
with thr Air Fore»' Materials and Flight Dynam- 
ics Laboratories.    Of course,  I would be less 
than candid if I didn't admit there is b certain 
amount of selfishness in that expression of plea- 
sure .   .   .  W<- 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 my 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 
lightheartcd 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 horizon. 
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, preened, and proclaimed for all 
the world to hear,  "I'm a dove, and I'm in love!" 

Suddenly, the eagle swooped down again, 
grabbed up the lark and disappeared over the 
horizon.    He returned in about ten minutes, de- 

posited the lark gently on the fence, and resumed 
his circling in the sky  . . . Th* little lark shook 
herself, preent ^, and proclaimed for 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, 
"I'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, I 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.    It'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 coat 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 

Preceding page klank 
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•ome instance«, 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 OOO 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 products by getting equal 
or better performance with fewer dollars. 

So, I 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 
longei-, better failure-free service lives in our 
defense systems.   In a sense, you have managed 
to build a dam which has held back a flood of 
problems which would have otherwise drowned 
us .... As it is, we have almost choked on 
some of the leaks. 

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 I 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 

cost* of fixing failures of equipment in the field. 
Major efforts of tki« Und, auch a* 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 «dien 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. 

If 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.   I firmly believe they can be 
"treated!"   — and, I 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 Environr^jflg} 
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. 
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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.   Is there enough 
communication, interchange, or mutual effort 
between these concerned parties?   I don't think 
there is. 

As to objectives of these technologies, in 
Environmental QBtlifititiBBi 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 acceptable 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 bilds 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.   I hope they pro- 
voke a few thoughts and ideas. 

This meeting is a good place to start be- 
cause we have present both the people who under- 
stand the sophisticated technology and the people 
who can best bring about the needed changes.    I 
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. 

I want to reemphasizc the importance of 
early, timely application of your shock and 
vibration censiderations 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-I5, 
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 essential« of all the technologies, in- 
cludin« shock and vibration muat be coaaidercd. 
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 appreciate»! 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, please speak up. 
I hope you can take advantage of the opportunity 
to tour Wright-Patterson and visit the Air Force 
Museum Friday morning. 

In closing, I 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 Research Laboratory 
Wright-Patter son Air Force Base, Ohio. 

I 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 
Symposium 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^':  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-   t 

lent papers; many of them became classics in 
their field.    And then I 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 I had to confess:   the problems today 
still sound very much the sam"!    I was reminded 
of an old story:   the graduate,  who after years 
and years meets his old professor again and 

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 arc still 
fo 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 I 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. 

*The research reported in this paper was 
sponsored by the Aerospace Medical Research 
Laboratory, Aerospace Medical Division,  Air 
Force Systems Command,  Wright-Patterson 
AFB, 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. 

Human performance under vibration and 
buffeting is still an operational problem in low 
altitude, high speed flight, in helicopter and 
personnel carriers and in the surface effect 
ships on the drawing boards.    '   We are not 
only concerned how these environments effect, 
mission 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 exposurr to the helicopter en- 
vironments for more than 300 (lying 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 SO million dollars per year.    Windblast 
induced flail injuries to legs and arms stili occur 
in roughly T?« of the ejectees (5 major injuries 
per year) and the probability of flail injuries 
increases with increasing airspeed (Fig.  I)'3"*'. 
All ejections initiated at airspeeds above 500 
knots during the period January 1966 to December 
1970 have resulted in fatality or major injury to 
the ejcctee.    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)(5)(6)#    The 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 

U S AIR FORCE 
(1964-1970) 

US  NAVY 
(1967-19711 
(DATA NOT FULLY 
ANALYZED) 

0L-o-M> 
200 400 600 

AIRCRAFT SPEED IN KNOTS I A S 

Fig.  1 - Cumulative flail injuries as a function 
of airspeed (USAF »nd US Navy) (From ref. 
(3)). 

the retained helmet the probability of injury to 
the cervical aiea, 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?    I 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 I must 
say that progress has been very impressive.   It 
was an exciting time during which a whole new 
discipline, biotnechanics developed, an inter- 
disciplinary specialty taught today at many uni- 
versities.   It 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.   It 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'''(8)  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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Fig.  2 - Helmet loss rate versus airspeed (from reftrrnce 5) 

H£A0 AM) NECK INJURY LOCATION DISTRIBUTIONS 

1 JAN 1968 - 31 DEC 1972 

INJURY LOCATION 

SKULL 

BRAIN 

FACE 

EYES 

EARS 

CERVICAL AREA 

HELMET INTACT 
(Nu«») (PERCENT) 

12 23.1 

2 3.8 

22 42.3 

2 3.8 

3 S.8 

n 21.2 

52 

N > 48 

HELMET LOST/FAILED 
(NUMftEft) («»CENT) 

11 

3 

17 

2 

2 

6 

41 

N • 34 

26.8 

7.3 

41.5 

4.9 

4.9 

14.6 

NOTE:    TWO 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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ä.   Our data basr is largr rnough and the 
rrsults reasonably consistent that we can make 
the step from individual observations to generai- 
tzed responses: that we can standardize man's 
biomechanical responses for m?ny applications 
.n terms of military 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, models 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 crewman,  we are 
presently measuring in a wind tunn.-l the wind- 
blast forces on the various body segments of a 
live human subject."'"     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 kir-i-matic 
model of the type in Fig.  4 the individual body 
segments are treated as rigid bodies.    Therefore 
the model cannot describe the deformation of 
body parts or organs leading to physiological 
disturbances and injuries.    For this,  lumped 
-arameter models of the whole body have proven 
very successful.    An example of one is shown 
in Fig.  5'".    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 
dynamics leading to injury from explosive 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 hits the steer- 
ing wheel.    The main responses of interest - the 
ch^st deflection leading to rib fracture and the 
internal thoracic pressure rise resulting in lung 
damage - are shown in Fig,  6 (10) The human 

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

body with the gross dynamic characteristics 
represented by these models presents a driving 
point impedance to the seat,  when sitting,  and 
to the floor,  when standing,  which is of interest 
for many uesign,  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 
(ISO draft standard) on a standard impedance 
function to be used for example for the evalua- 

15 SEGMENTS 
14 JOINTS 

48 DEGREE 
OF FREEDOM 

PREDICTS» 

1 TORSO DISTORTION AND LIMB MOTION 
DURING AIRCRAFT EJECTION 

2 TOTAL BODY MOTION AFTER SEPARATION 
FROM SEAT 

3 TOTAL BODY MOTION DURING AIRCRAFT 
CRASH  IMPACT 

TAKES INTO ACCOUNT 1 

1 HARNESS CONSTRAINTS 
2 SEAT CONFIGURATION 

3 VARIOUS FORCES A3PLIED TO AN\  SEGMENT 

Fig. 4 - Kinematic model of the total body. (9) 
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Fig.  ^ - Lumped parameter model of the human 
body describing its response to longitudinal 
(G ) impact and vibration, to infrasound and 
blast. (8) 
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Fig. 6 - Thorax-abdomen model and its response to chest 
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b.   Impact Tolerance Models. 

In the whole body response model of 
Fig. 8 the spine is represented by a simp!«-, 
linear spring.   To use this simple model of the 
spine to predict the probability of spinal injury 
under the short duration +CZ accelerations pro- 
duced by ejection catapult« was perhaps the most 
important recent biomechanical contribution to 
solve AF and DOO problems. <1}'   As stated 
before spinal injury,  i.e.,  compression fracture 
of the vertebral body segments is a frequent and 
extremely costly result of emergency escape. 
Although it was the USAF design goal to keep 
the probability of spinal injury to % 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 consid« rs only compression of the 
spinal spring loaded by a single equivalent 
body mass (Fig.  8). (1^)    The natural frequency 
of the system is for the average AF flying popu- 
lation (age 27.9 years) 8.42 Hz.    The normal- 
ized maximum deflection 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 (DRI) and 
correlated with the probability of spinal com- 
pression fracture,    (The DRI is also 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 
sho'vs the data points from operational experi- 
ences with various escape 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 DRI,  a reasonable conse- 
quence of the strength and damping added to the 
isolated spinal column by the intervertebral 
disks,  and by the ligaments and muscles of tht 
live subject.    The DRI vs probability of spinal 
injury relationship in Fig,  9 is now ured in our 
military specifications as a design and evalua- 
tion tool for the development of ejection seats 
and crew escape modules, ''   '   Its usefulness 
and advai;'aies have been proven over the last 
5 years.    It has been adopted internationally as 
Air Standard by the Air Standardization Coordi- 
nating Committee (ASCC),    One of the main 
advantages of this model methodology is that it 
allows the evaluation of complex acceleration 
inputs to which pr"vioU8 human exposure cri- 
teria were not applicable or incorrect.    The 
model can be combined with the dynamic charac- 

teristics of seat cushions for a quantitative 
definition and prediction of their effectiveness 
with respect to spinal injury potential. 

Fig. 8 • Sj mal injury model, m is mass 
(lb-sec  /in.); i is deflection (in.); ( is damping 
ratio; k is stiffness (Ib/inJ; G   is acceleration 
input (in. /sec  ); OKI = w    t        ,'g, where DRI 
stands for dynamic response index; w    is nat- 
ural frequency, u   = (k/m)'    (radians/sec); 
and g = 386 in,/sec2.    (From references 14 
and 15) 
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Fig.  9 - Probability of spinal injury pre- 
dicted from cadaver data compared to op- 
erational experiences with various US Air 
Force ejection systems.    (From reference 
14) 

This model for evaluating longitudinal spi- 
nal loads is only the beginning: much more re- 
fined models 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 each vertebral 
element must be represented as a separate 
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entity.   Examples of such advanced «pinal models 
are shown In Fig.  10.*8>   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 «rhich will finally allow us the prediction 
of probability of injury for all body axes and 
eventually for multiple repetitive ttrpacts 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 vibration exposure with respect to 
comfort and health were available.   At the Shock 
and Vibration Symposium in 1955 the Chairman 
of this morning's session presented a study for 
Mr. Cetline reporting on vibration levels and 
acceptability judgments in military aircraft. '*   ' 
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 experiments 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, »hich were mentioned before, were 
supplemented by models describing the .-esponses 
of various animal species and they all were re-   „ 
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 studies on injury mechanisms 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 
by the member nations of the International 
Standards Organization (ISO) on an International 
Standard on the evaluation of human vibration 
exposure*. (18) Basically, the same approach 
was already adopted years tarlier as a US Mili- 
tary Specification.(^'   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 
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drcrease.   Theie limits for operator proficiency 
were taken primarily from pilot ratings.   Need- 
less to say, that the design of the operators' 
tasks will have a marked influence on the vibra- 
tion level at which proficiency is actually im- 
paired.   The frequency dependence cf these limit 
curvet depends primarily on the body's biome- 
chanical response and is largely explained by 
the models of the human body:   exposure limits 
are lowest In the frequency range in which body 
resonances amplify the vibration input.   For 
vibration in direction of the longitudinal body 
axis the "fatigue/decreased proficience boundary" 
is shown in Fig.  11a.   For the ''exposure limits" 
these curves must be raised by a factor 2.    To 
obtain the boundaries for "reduced comfort," 

which might be selected as the design limits for 
passenger compartments of transportation 
vehicles, the curves must be lowered by a fac- 
tor 3,   For the various octave bands the accept- 
able exposure level decreases with the exposure 
time as indicated in Fig. 12a.   For transverse; 
i.e., chest-to-back or side-to-side vibration 
the main resonance frequency of the body is 
lower and the standard curves have the shape 
shown in Fig.  1 lb and 12b.   Agreement on these 
vibration exp>sure standards was a very impor- 
tant step forward.   Before the limits could be 
lormulated, a uniform methodology for measuring 
and analyzing human vibration environments had 
to be developed.   This step by itself was very- 
important and worthwhile since it will result in 

Vertical («g|  Vibration 
Exposurt Limit! as a 
function of frequency anJ 
exposure time 
"Fatiguc-Oecrtaaed 
Proficiency Boundary" 

"Exp.oaurt Limits" accolsration value« 
to be mttltipliad by 2   (i iii higher) 
"Reduced Comfort Boundary"  acceler- 
ation value« to be divided by 3. IS 
(10 dB tower) 
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Fig.  1 1 - The standardized limit» for human vibration exposure:   "Fatigue/decreased profi- 
ciency boundary" at 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 profi- 
ciency boundary" as a function of frequency,  b.  for transverse (X- or Y-axis) vibration. (From ref- 
erence 14) 

more reliablt- and uniform data collection in the 
future.    The standard for the evaluation of hu- 
man vibration exposure 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 factories.    (Some adjustment 
of the curves up or down might be iniicated since 
the military population might differ with respect 
to physical fitness from the general population, 
since tasks differ with respect to vibration inter- 
ference sensitivity and comfort at home is eval- 
uated with a different 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 is illustrated in Fig.   H:!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 response and exposure 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 adaptation 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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Fig.  13     Maximum Z-axis third octave band acceleration levels measured at the pilot's 
seat in low-altitude, high-speed flight missions over mountainous terrain.   The 1 and 4 hr 
"fatigue/decreased proficiency'' boundary from Fig.  11a is also indicated.    (From refer- 
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 so strong'   'that the ISO working group is 
preparing »n amendment to the vibration expo- 
sure guidelines which proposes   'severe discom- 
fort boundaries"   for the 0. I to 1 Hz range for 
various exposure times (Fig.  14).   (21)(12) Expo- 
sure up to these levels is expected to result in 
less than lOTc motion sickness in the general 
population.    Whenever for military use exten- 
sions of human transfer functions to this very low 
frequency range are needed the shape of these 
curves is being recommended as design guid- 
ance. 

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

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, ("' 

In spite of the progress in the standardiza- 
tion of human responses to vibration,  research 
on this subject is 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 component 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 (Fig.  1 7),   The application 
of this approach might best be Illustrated by an 
example:   Pilot tracking performance under 
vibration was investigated as a function of con- 
trol stick location (side versus center) and stick 
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dynamics (•tut versu« spring stick). (^'^  Separa- 
tion of die errors into their various camponents 
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 (remarnt) decreasing with in- 
creasing   stick gain. 

Trocking 
Input 

Vibration Input.« 

HUMAN OPERATOR 

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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Siunmary 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 »nd «U living 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 RfcD 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 engineerine 
in general in support of clinical medicine.' 
There can be no doubt that even if old problems 
are still with us new problems stimulated 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 Baee, Ohio 

The objective of the Rivet Gyro Program is 
shown in Fig. 1. It 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 is 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 

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 I 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 I 
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 II, 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 
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aircraft. These investigations were conoucted 
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 it is not enough 
to know just what is 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 in came into being because the 
Commander, TAG, 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 m 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 

results 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 
reliability 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 NGO talking to 
another NGO 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. Julien 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 investigations that 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 pickages. 

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 effectiveness of 
their operations, thus hopefully reducing 
logistic supports costs. 

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

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 oi 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 
subassemblles that were the greatest offenders. 

Fig. 4 - Inertial Navigation System 
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Prom 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. 7. 

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 pieoparts, 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 found 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. 

REUABIUTY ASSESSMENT  (MTBFI* 

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 maintenance 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 Rg. 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. 

• n>4l OUTA 

Fig. 5 - Rivet Gyro-Phase I 
ability Assessment (MTBF) 

Overall Reli- 

As I 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 
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RECOMHENDED MORE RELIABLE DIODE CONSTRUCTION TYPE 

ELECTRICAL OVERSTRESS FAILURE 

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 available. 

The Air Force Packaging Evaluation 
Agency of AFLC undertook the job of redesign- 
ing the packaging and as a result of their 
redesign effort, a unitized container shown 
being drop-tested in Fig. 13, is being used 
throughout the Air Force. 

In addition to asking for data that through 
analysis takes us to the piece-part level of 
failure, we also asked that all failed piece- 
parts such as shown in Fig. 14, be forwarded 
to us for detailed failure mode investigation. 
During our investigations of one of the 
Inertial Navigation Systems, possession of 
failed piece-parts provided major clues as 
to the primary causes of system failure.   For 
example, we found a significant number of 
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Fig. 9 - Failure Rates of Platform Assembly 
at Various AF Bases 
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Fig. 10 - System Hot Mockup Developed in 
the Field 

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

Fig. 14 - Failed Piece-Parts 
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Fig. 15 - X-ray of A.C. Transformers 

rotating AC transformers that had experienced 
premature failure in the field because of 
poor quality control at the vendor's plant, 
as shown in Pigs. 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. 

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 WHO 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 th?.n 
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 econonieally reclaimed by merely 
replacing the failed bearings with bearings con- 
taining a proper lubricant.   There is currently 
a new family 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 

matter of fact, I 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 ordtvs, to 
improve transportation packaging, and to 
eliminate low quality or obsolete pieca-parts 
from the equipment itself.  However, rhe 
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 
irom going through the hole.  All were unsuc- 
cessful.  The Rivet Gyro approach eaid 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 huse on the bottom. 

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 difficult as any Rivet Gyro 
investigation that we have conducted. 
Technical order deficiencies and field main- 
tenance errors were easy to uncover but 
they could not 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 

ft 
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 
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Fig. 20 - Flight Control System 

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 lärd 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 obvious. 
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 

Fig. 21 - Infra Red Tall Warning System 

27 

     mil mil      i ii min MtHHjHIHHIIIjHa 



■IM It f • tot iUMOII        eittd 
itom     io     coti «»OI»«>M cosi 
mtm ntas      »• m m/i• ati 

»ns «MB      ■w.on u> 
>MH CMS      »amn »« 

»»»it in 
fll   COM im ■wcnok of Mciaon um 

r*AM n 
WS   SHIS       _B.!!K«5tl 

BW    law 

Flg. 22 - Rivet Gyro - Box Score 

SOUS FOR FT 75 

C.VIIV,.!   ';   IV«illlC«T(     -It"  IU"V[»S 

'•',Ii'.'     i'.>miC«tPi.A5 

I-i   .CUiHC   C[Ml»>   01   «lit 

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- 
turally failed.  The Air Force Flight Dynamics 
Labonifory and Materials Laboratory are 
jointly f onducting in-house investigation as to 
the caube of these failures.   It appears at this 
point in ame that the resonant frequencies of 
the scanner 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 measurements 
obtained using digital model analysis techniques 
at the Air Force Materials Laboratory 
indicated that a proposed approach 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 
mounts 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, examples 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-half 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:  (1) to 
continue to address the logistic support "high 
burners" and develop a methodology than can 
be applied to our current development and 
acquisition programs, and (2) to expand the 
Rivet Gyro Program throughout the field 
elenents of AFLC and the products divisions 
of the Systems Command. 
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AVIONICS REUABILTTY 

LT COLONEL BEN H. SWEPT 
R&D Director, Analysis Division, 

Deputy Chief of Staff for 
Development Plans, Hq Air Force 
Systems Command, Andrews Air 

Fore? Base, Washington, D.C. 

In July 1973, General Robert T. Marsh was 
DCS'Development Plans at Headquarters, Air 
Force Systems Command.   He was given a 
briefing on a study of the A-7 aircraft. One of 
the findings was that black boxes didn't black 
box very well.   At the end of that briefing. 
General Marsh asked the set of questions shown 
in Fig. 1, concerning not only the A-7, but the 
reliability of avionics equipment in general. 
From the last three of these questions, we 
inferred a major underlying question and 
assigned ourselves four study tasks. 
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heart of it, it says, '"For reliability predictions, 
see Mil Standard 756, and for reliability demon- 
strations, see Mil Standard 781." 
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Fig. 2 - Electronics  Reliability:  Analysis 
of Directives 
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Fig. 1 - Avionics Reliability 

We started out by taking a look at tne Mili- 
tary Specifications for various kinds of elec- 
tronic equipment.  These arc given in Fig. 2. 
Each specification in the left-hand column of 
Fig. 2 contains a paragraph entitled "reliabil- 
ity", which doesn"t really say anything — it 
merely refers to Mil Standard 454, Require- 
ment 35, also entitled "reliability", which also 
doesn't really say anything.   It refers in turn to 
Mil Standard 785.  That document is largely 
organizational and procedural in nature.   At the 

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- 
book 217.  We can largely ignore the last two 
bullets on this silde.  They were part of the 
original study, but it turned out the correlation 
indicated here was a fluke.  The reason we got 
a correlation was because somebody divided 
the predicted value by 10, as the entering 
argument for a reliability growth curve.  The 
growth never happened, so the beginning of the 
growth curve correlated to the eventual field 
reliability, which was also one-tenth of the 
prediction. 
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fig. 3 - Reliability Prediction (MIL-SrD-756) 

As shown in Fig. 4, Ml Handbook 217 
contains parts failure rates, based on tests 
under thermal stress, ft summarizes failure 
rates by part type, provkUng 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 failure-producing as the 
laboratory tests. Interestingly enough, so 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 K factor, 
due primarily to the extreme shock and vibra- 
tion regime during those phases of the mission. 
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I would like to add one other comment to 
this «ist: the factor of eqatynent qperating time. 
Shipboard and fixed ground equ^nnent Cue 
their stress eovlroument for a long time. So 
do satellites on ortatt. But the tremendous 
shock aad vibntU» that missiles face Is 
primarily for 10 to IS minutes. Aircraft, for 
which the K factor Is not as large as missiles, 
face a very dirty, very complex, very Callure- 
produdng environment for a period of years. 
So ft is my 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 5 indicates that it is basically a statis- 
tical document. Now, there are numerous 
people both in and out of the reliability 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 
it Is part of the problem. 

nefimmn iw KVIOUK' T
*I»"«I i fifa i'ny 

Fig. 4 - Reliability Predictions (2) 
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Fig. 5 - Mil-STD-781 "Test Plans" (1) 

This is a test plan out of Mil Standard 781. 
tt 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 failures — 
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.  I think 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. So I replotted them several times, in 
several different ways. 
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Figure 6 Is one of them. I plotted the ratio 
of demonatnted MTBF to qwdOed MTBF on 
the ordloate, aad total failures on the abscissa. 
No«, for those who are statisttcally inclined, 
there's about 15 minutes worth of text that goes 
with this slide. But for those not so inclined, 
the only point is over on the right side, where 
it indicates this test plan will accept any demon- 
strated MTBF greater than about two-thirds of 
the specified value. In other words, it will 
accept a third less than the specified MTBF. 
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Fig. 6 - M1L-STD-781 "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 tailored for 
any given equipment. That is not exactly so. 
ft calls for this same package of five stress 
types, and any tailoring is within the package. 
And anytime someone taucs about "781 stress 
levels," he's talking about thermal stress, In 
terms of temperature range. 
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Fig. 7 - MTBF Demonstration 
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MIL-ffrD-781 Test Conditions/Cycle 

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

Figure 8 is. the 781 reliability test for 
avionics, ft plots temperature range against 
chamber time. Down there, where it says, 
"-540C," the equipment is turned on. ft's 
heated with the chamber, hopefully at a rate of 
50C per minute, to the upper value called for by 
the contract,  ft's held there for two hours; the 
equipment is 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 Is accefrted or 
rejected by the statistical test plan. That is the 
781 test. 

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?" 
I 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 is 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 
majority of the time is spent in the waist of 
those measured temperature curves. 
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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 resonant type 
failures. 
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Fig. 9 - MIL-STD-781 Test Conditions/Cycle 

Figure 10 shows the vibration stress called 
for by Mil Standard 781.  It is the only one call 
for:  2.2 grms. single axis, sinusoidal vibration, 
at one non-resonant frequency between 20 and 
60 Hz.  And you '11 recall from a previous slide 
that it is only applied for 10 minutes per hour 
of equipment operating time.   The first time I 
briefed this at the Flight Dynamics Laboratory, 
five people in the audience suddenly burst into 
laughter at this point. Apparently, they knew 
what was coming next. 
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Fig. 11 - A-7D/E Vibration Levels: 
Forward Looking Radar 

Figure 12 shows what happens when you 
fire the guns. You'll notice the neat multiples 
of 100 Hz produced by the M-61 Catling gun in 
this aircraft. The conclusion of these slides is 
— and there is other experience data to back 
it up - that the Mil Standard 781 vibration is 
totally inadequate for avionics testing of any 
sort. And this leads us to an interesting obser- 
vation. 
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Fig. 10 - A-7D E Vibration Levels:   (1) 

What happens when you overlay the mea- 
sured vibration in that same compartment of 
the A-7 is shown In Fig. 11. Obviously, there 

Fig. 12 - A-7D/E Vibration Levels: 
Forward Looking Radar 
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With the vibration test being found unrealis- 
tic, we see fron Fig. 13 that 781 applies 
basically the same stresses as the laboratory 
tests used to produce failure rate data for Bill 
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.S for 
avionics, to account for failures ca^ed by 
stresses not applied during the test. But 781 
dues 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 teat results. In other 
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 

I 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 
I 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 (or '781 Test 
Plan m,' 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 MTBF must be divided by 
about 6.5 for avionics applications. Therefore, 
the most you can legally expect to see in the 
field is as shown in tna third column, labeled 
"true MTBF."' 
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Fig, 14 - MIL-SrD-781 "Test Plans" (3) 

If you will lode at the point where specified 
MTBF is 1000 hours, and come across to an 
expectable true MTBF in the field of 99 hours, 
you can see where the typical 10-to-l disparity 
between specified MTBF and field MTBF comes 
from. It 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 MTBF are determined 
by the frequency of "relevant" failures 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, I didn't have time to 
survey the Command, but our own supplement 
to the Air Force reliability regulation (AFR 80- 
5) was indicative. As shown in Fig. 15, it 
specifically requires compliance with 781 (or 
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, i( you look at the first two o( these, it 
says, "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 SAMSO. This was 
one ol 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-CTD-781 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,  Environmental 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 

I 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 
I 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 - Environmenfal 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, 1 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." 1 asked him how he knew, and he 
replied, "You're stone deaf at 4000 Hz." That 
was the center frequency of the J-47 engine. 
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I found It ainar.lng that, in almost all inatances, 
the equipment Is submitted to the stress while 
turned off, returned to amUent 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, rattier than in combinations. This 
weakens the overall test by allowing some 
failure mechanisms to escape undetected. 
However, some of the more recent test methods, 
such as the temperature-altitude-humidity com- 
bination called for by Teat Method 518, reflect 
greater awareness of this, and are designed to 
correct it. 

How do 810 test results correlate to field 
reliability? There is no way to tell, 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. 
It 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) 

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. Bat in the 
reliability world, statistical consideratians 
have become the master. 

Figure 19 is what our original 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." I 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 I 
checked it out. He was right. His company had 
delivered about 2.7 tiroes the MTBF that would 
have passed all the tests.  Why dil they do it? 
Future sales potential, corporate image, that 
sort of thing. And it did cost the company a 
large number of bucks. I 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 21 expands on the last item 
of the preceeding Figure. 

immediate supervisor once mentioned, reli- 
ability people tend to be "ethnically statisti- 
cians." 
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Fig. 20 - Findings (2) 
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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 

The reliability world is basically well 
organized. We have reliab'üty-maintainability 
focal point throughtout the 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 as the Chaplain is often a sideline t o 
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 me 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."  So I tried.  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 I 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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Fig. 22 - Equipment Level DT&E Program 
(Proposed): Standard Test Plans 

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 implode 
the chamber and distress the neighborhood. 
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Figure 23 puts three things that are lying 
around together. We test avionics perfor- 
mance under room-ambient conditions. We 
test reliability under condttioiis that capture 
about 15 percent of the field failures. We 
apply a variety of environmental stresses, 
but withojt operating the equipment enough 
to test either 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 tho 
upper left can generally be combined in the 
same chamber.   If you start with the tempera- 
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Fig. 24 - Equipment Level DT&E Program 
(Proposed): Test Conditions 

The stress levels 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 measured 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 more 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 field failure 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 wtth 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 testing for a long 
time, I couldn't find K factors for the rest of 
those stress types. But 1 did get a lot of feed- 
back in the form of less than thoroi^hly docu- 
mented information, which says the stress 
combination shown should produce somethii^ 
in the order of two-thirds of the field failure 
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 have part 
of it in one building and part of it in another. 
So 1 don't think it's going to require us to bulH 
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 I 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 be went 
up, it got hot, and his wings melted off.   But 
since then, whenever you go uft It gets 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 Umidity can be expected to con- 
dense, frost or freeze, and sublimate.  That pro- 
duces a whole battery of failures you don't get 
any other way.  It also produces an unbelievable 
family of malfunctions that don't duplicate on 
the ground.  I 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 DTftE 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 a number of possible profiles. 

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

Input 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 d'rty 
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. 
Bc*h 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 FTg. 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. R 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 1 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". 

...... 

Fig. 26 - Equipment Level DT&E Program 
(Proposed): Test Conditions - Combined 
Stress Profile 

Fig. 27 - A-7/E Vibration Levels: 
Looking Radar 

Forward 

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

Let me hit the second 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 failures", "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. 

I am somewhat embarrassed to show Fig. 
28 because it sounds a great deal like mother- 

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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Fig. 29 - Equipment Level OT&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 are viewed as a nuisance.  There 
just isn't all that much money in the 810 tests, 
in any program that I looked at. 

st rated MTBF, 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. 

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 I 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 
MTBF 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 
failures experienced during the test is the demon- 
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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. However, equipment of this same type 
now has about 35 hours MTBF in the field, and 
the operators would like SO. So where did the 
500 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 in will accept two-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 net an uncommon field 
MTBF for avionics. So now, when they want 
50, they ask for 500. And the developing 
command planners add a "times two" dis- 
crimination ratio on top of that. 

On the second line, we changed from 781 
Test Plan II 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 MTBF 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 HI. 

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, so 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. 

When I 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 a 90 percent reduction in qualifi- 
cation test time — for no loss of statistical 
confidence, and no less than a 44 percent increase 
in field MTBF. 

Figure 31 compares test time, cost and 
expected field MTBF between the example 
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 bum-in and production sampling. All the 
numbers shown are specific to the program 
being analyzed — with a minimum acceptable 
MTBF in the test of 500 hours or its equivalent 
— but the percentages are not. 
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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 prograrn after program. 
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The moneUry nving from reduced teat 
time more ttan pays for the additional coat of 
more retliatlc test facilities agd the higher 
cost-per-hour of the turn test, provided we use 
what we no« have instead of starting over from 
scratch. 

As shown at the bottom of Fig. 31, these 
three actions, taken together, reverse the 
present disparity between specified and field 
MTBF — from 10-to-l 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. 
R may well be the most important effect of all. 

Any contractor who knows his equipment must 
pass a qualification test under combined stress 
at realiatic levels, and that all productloo units 
will face a bum-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 patting these concepts into 
their contracts now, and the result has been 
redesign of equipment or parts of equtynent. ft 
to this Und of attention to design that must take 
place — along with "test-and-correst" improve- 
ments — to improve the reliability and the 
ownership coat of avionics equipment in the field. 
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PANEL SESSIONS 
MIL-STD-8I0C 

A Fand Sesnon 

Moderator:   Rudolph H. Volin. Shock and Vibration information Center 
Co-Moderator   Allan Pienol. Bolt Beranek and Newman Incorporated 

Panelists:     David Earls. Air Force Right Dynamics Laboratory 
Kenneth Herzing. Honeywell Incorporated 
Joseph Gaudet. Sanders Associates 
Al Tipton. Rockwell International 
Peter Bouclin. Naval Weapons Center 
Eugene Laboissonniete. U.S. Army Electronics Command 
Robert Sevy. Air Force Flight Dynamics Laboratory 
Or. Alan Burkhard. Air Force Flight Dynamics Laboratory 

Mr. Earls:   Many of you have probably never seen 
MIL-STD-8I0C. 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 these is a 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 external 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 aispt-nsers and 
items of this type, which have cavities in them. When the 
bottom opens up the aerodynamic 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 S to 500 Hr, 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 wc 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.   I 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-8I0B: 
now for general cargo logistical mode. rail, air, sea, and 
truck or semi-trailer, you can choose one level, I I /2 g 
from S 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 I will show you the curve that is in 
MIL-STD  8I0C 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 

2000 Hz at 6 dB.   You will notice that the lower level, 
.04g1/Hz. is usually generated from the runway roughness 
and low frequencies and that doesn't vary too much from 
airplane to airplane; but the high« level, at Wo. docs 
change so you can't just go to MIL-STD-8I0C and say 
use this curve - you have to compute Wo before MIL- 
STD-8I0C 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 concerned, aerodynamic flow and jet en- 
gine noise.  For the aerodynamic flow portion you have to 
know whether the external flow is smooth or turbulent, 
you have to know the q of the airplane, which is the aero- 
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-8I0C 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 q at high speed low level flight.  For most 
of our Tighter bombers q is about 1200 for high speed low 
level flight and that was the q that « e 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 lest we 
multiply W0 by (N/37T),/4 and this raises the functional level. 

However for airplanes we would 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 spetil al low Kvek and high speeds.  We do 
the same thing at j rinctional level and al an endurance 
level for the jet engii i 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 aerodynamic test level 
only the factor is (N, lOTl*'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 to 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)|,4for the endur- 
ance level.   You would just use the value of I in the spec- 
ification for the functional level.  The W2 level is related 
tu q divided by the weight density, w2. of the store and 
Ihii is 5 X !0"5 (q/wl1 (N/JT)1''4. however you would use 
I in place of that value for the functional test.   F, is ID5 

(T/RI-. where T is the thickness of the skin and R is the 
radius and this is based on shell theory: it is for round or 
circular stores and that is where the resonance frequencies 
occur.   F, is 1000 11/ 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 Wj.  The only difference is the points 
F,, and F,.   F, is the same as before but F0 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 assembled external 
stores is based on the same philosophy,  i.e.. the functional 
test and the endurance test.   The functional test is based 
on the q at which the store will be flown, the distance 
from 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 q of the airplane: 
the airplane might fly at a q of 1800 or 2000 bare but it 
won't do it loaded with I.CM pods or bombs.   So it could 
very well be 1200 or less for carryint; assembled stores. 
This is the same idea as we have in vibration tests for ex- 
ternal stores.   The store shall work satisfactorily at func- 
tional levels, and in the endurance test it has to work satis- 
factorily afterwards. 

Mr. Herring:   I thought I might discuss some of our 
experiences that wc have had with store programs when we 
utili/cd MIL-STD   8I0B 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 wc began In the store testing business I think 
it was general practice among the agencies that were re- 
questing our senices to specify that the stores would be 
tested as equipment installed In airplanes which is category 
b In MILSTD  8I0B.   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 

the store where it attaches to the hooks to the bomb rack, 
and to 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. I 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 flight test. The store system had been fully quali- 
fied prior to 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 ever pass the MIL-STD- 810B sine sweep re- 
quirements without having catastrophic material failure, 
and yet the customer had on his own taken it upon him- 
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 -8I0B 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- 
810. ;>ut not necessarily part of that which Is required by 
proc< dure I.  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 M1L-STD-8I0B 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  8I0C. which while I am not here to sell it 1 am 
perfectly willing to say that It accommodates some of the 
obvious discrepancies that we recognized in using MIL- 
STD 8I0B; that is we finally have in MIL-STD-8I0C 
some guidance in the form of a separate category for equip- 
ment installed in stores, the assembled ston: 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 
dynamic 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 
to choose the appropriate frequency at which to exercise 
the function, and many of the functions, such as the cargo 
ejection, only happen once.  Also I 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 experience 
that we had In the full scale wind tunnel test of the SUU- 
36 Dispenser system.  We found that there were vibratory 
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responses 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 caigo or 
to various parts of the structure that would be primarily 
affected.  Also finally we have the capability of doing a 
separate lest to simuiate the captive flight and the free 
flight environments, and in many of the systems, that is 
an absolute necessity.  During 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 is ejected.  This cavity resonance phenomena 
was in fact the mechanism that was responsible for the rust 
store failure that we ever experienced, the first example 
that I related to you where we had a flight failure of a 
store that was completely qualified to the MIL  STD-8I0B 
curve C test requirements.  In conclusion I 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.  I can't say 
that the testing procedures have been completdy debugged 
since I 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- 
ulty, at a government facility, or maybe another conirac- 
tor's facility will yield some sort of consistent results.   I 
think during some of the discussions of the techniques we 
will probably run across those deficiencies. 

Mr. Bouclin    I 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  8I0C.   I would like to comment 
on the problems that we have had using the conventional 
single hardpoinl vibration input control which is permitted 
by MIL   STD  81 OB.   Some years ago we designed and 
manufactured a sophisticated, and I 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 hardpoinl adjacent to 
the forward bomb lug or the launcher lug in the lorward 
end of the missile, horvever input vibration is measured 
analyzed data and inputting this vibration to the store at- 
tachment points and attempting to control the response at 
(his location, or any other locations along the weapons 
system, rcsultcJ both in an overtcst as well as an under- 
test.   These results suggest that the primary source of in- 
put tibration to the externally carried store due to jet air- 
craft carriage is not from the aircraft itself hut rather due 
to the turbulent boundary layer or the turbulent flow 
around the store.   For this reason I look forward to the 
MIL  STD  8I0C' as a potential breakthrough in external 
store vibration testing, certainly controlled response testing 

requires far less in the way of capital expenditures for 
test equipment. 

Mr. Gaudct:  Well - It was only a few weeks ago tl at 
I saw MIL STD 8IOC and of course the fact that we he«e 
been testing pods and the like for a number of yean 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 seem to get 
industry' inputs into these specifications. Contrary to what 
Ken has mentioned, he found that they had problems in 
service on some of their 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. I 
am saying that we are happy with what we have right now 
and I want to know a little more about this MIL -STD- 
8IOC.  Are we adding more burden to the contractor?  I 
would certainly want to know more about how the MIL- 
STD-8I0C specification was arrived at, what criteria were 
put forth to come up with some of the limits and some of 
the requirements?  I talked to Dave Earls a few minute« 
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 
'he answer to all our prayers.  I would like to see the gov- 
ernment come out with back-up data so that we who have 
to use the specifications at least know wat we are doing, 
we kind of feel left out.   I also mentioned today about the 
industry input and 1 was told that there was a distribution 
of the MIL STD 8I0C 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.   I don't disagree that the document is probably some- 
thing that has been needed.   It is an area that has always 
been one 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 shaker systems because 
we don't have to push these massive fixtures that we have 
all built up over the years; but I am one of these people 
who has to be shown a little bit before I spend my money 
and I need a little more information en the document. 

Mr. Tipton:   One 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 each specific weapon, missile, 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-8I0B or MIL-STD 
8IOC.   If a current aircraft or missile is being modified or 
updated with new equipment, and if you have sufficient 
vibration test data available the task is much easier and 
realistic criteria can be specified fairly soon.   If the initial 
criteria relies on a military specification or some prediction 
method it is probable that some conservatism might be em- 
ployed.  During a typical development phase the criteria 
should be refined within the economic constraints of your 
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particular prognm and reflect change« in aircrait configura- 
tions and try to track changes in the structural   design also 
if posable.  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 data 
enveloping, either on measured flight lest 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 
each specific piece of equipment.  Especially these days I 
feel that vibration engineen must keep in mind that the 
test criteria where procured equipment is specified should 
be as realistic as possible - again within the frame-work of 
the financial constraints of your panicuar program.  It is 
ako 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 a prognm to insure product reliability.  Now all Mili- 
tary Standards have their good and bad points and MIL 
STD -810 is no exception.  I feel t^-e primary deficiency 
of MIL-STD-8I0B was the lack of random vibration 
testing for aircraft equipment and for perhaps 20 yean I 
think this specification has probably been outdated in that 
regard.  There is no way that you can simulate in a sinu- 
soidal vibration test the response of equipment to a random 
input.  Also the test methods of MIL STD-8I0C 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 approprale, or perhaps 
a vibnucoustic approach that some missile people employ. 
The random vibration test levels specified in MIL-STD 
81 DC relative to our B-I requirements are a little conserva- 
tive.   Next I would like to make some detailed comments 
on the random vibration test criteria for aircraft that ap- 
peals in MIL -STD  8I0C.   As you have seen on the slides 
there are two types of environments Ihst generate the ran- 
dom vibration, the engine noise and the a.rodynamic noise. 
In specifying the endurance test levels the mission life and 
the lest time are factors.   I feel that the curves might be 
somewhat conservative for most aircraft that I am familiar 
with; specification of endurance testing should be done by 
a more detailed mission analysis for each specific applica- 
tion because they are all different, however I 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.   Ihe 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 speed brakes, etc. can vary widely, by at 
least an order of magnitude, from the particular value that 
is listed here.   Also the minimum lest levels specified here. 
Oig,2 IHz, seems a little high in my opinion.   For after- 

burning engines MIL  STD  8I0C 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  8I0C for 
both boundary layer noise and engine noise is the same.  I 
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 requited to specify real- 
istic vibration levek and test methods for each particular 
project rather than to rdy on existing or proposed general 
specifications. 

Mr. Laboissonnieie:  I seem to be the only one on the 
panel representing the Army on ground equipment but I 
will «ive it a go anyway.  As you well know MiL-STD- 
8101 is presently in the stage of tri-service coordination. 
Just recently the Army completed its coordination for its 
various commands and submitted their recommended re- 
visions. This evening I 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 
each plane on Army ground electroiJC equipment.  Ad- 
mittedly the old resonance search test with no resonances 
greater that twice the input was extremely controversial 
namely because different test engineen found different 
resonances, and different model' jf the same equipment 
exhibited 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 5 S 
Hz could be reduced below twice the input on critical 
components you would have reasonable assurance of meet- 
ing procedure IX 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 either 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, were 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 questionable 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 fact that we know that the ground en- 
vironment Is shock oriented.  We feel that the sinusoidal 
vibration lest 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 overly 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 vibntion 
tests and how they will affect the qualification of ground 
equipment for the Army.  Really, they ate 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 VIII for equipment installed in ground vehicles, we 
»ill now have to vibrate our equipment for a minimum of 
3 hour» at a sweep time of cither IS minutes at S tu 500 
to S Hz per axis, or for i 2 minutes from S to 200 to 5 
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 need 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 tor equipment 
transported as secure cargo and procedure XI for equip- 
ment transported as loose cargo.  It has been the experi- 
ence at ECOM that the loose cargo test is more severe than 
the vehicular adapter test, also it has been our philosophy 
to test to the more severe environment when an item rr.ifht 
be subjected to two separat« similar environments; it is also 
our opinion that equipment transported as secure cargo is 
normally packaged for shipment by the packaging specifica- 
tions.   If the equipment is subjected to procedure X in this 
configuration you are again overtesting. since frequencies 
over SO Hz are attenuated by the packaging material.   If 
it is the intent to remove the equipment from its packaging 
and submit it to this lest then we are wasting s 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 a 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 arc therefore subjected to procedure XI which is the 
loose cargo lest.  Now the problem becomes do wc 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 
is more representative of the field environment.   Another 
area where a MIL  STD 8I0C qualification lest determines 
the acceptability of ground equipment is in the transient 
drop test    Admittedly the 26 drops from 48 inches were 
not a reasonable design requirement.  The new recommend- 
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 I didn't mention the problems imposed by MIL- 
STD-8I0C on equipment installed in helicopters, 

equipment category c. We do not agree with the vibntion 
test for equipment mounted in hdicopten as defined by 
Tables 514.2-IIIA. -IIIB, and -IIIC. and Figure 514, 2-3; 
this test calls for a 2 acceicntion for equipment installed 
in locations other than equipment compartments, engine 
compartments, and tail rotor sections. We have vibntion 
data indicating greater than 2 g vibration in the cockpit 
area of hdicopten. In addition this vibntion test calls for 
dwelling at the predominant helicopter blade passage fre- 
quencies rather than at the equipment's resonant frequen- 
cies. This type of vibntion test is not suited for the 
Army's requirements since most of the Army's avionic type 
equipments are destined for UM for all. or almost all, of 
the Army's hdicopten 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 S14.2-11IC fists a total of 12 dif- 
ferent predominant frequencies for five Army hdicopten., 
If a piece of avionics equipment is intended for use in each 
of these hdicopten 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 hdicopten are not listed in the table and these in- 
clude the CH-S4. the OH-13, the OH-23. and the TH-55. 
In addition the table does not indude the UTAS, the AAH. 
and the HLH. which are presently in a development stage, 
and also the advance scout helicopter, which is also pres- 
ently in the planning stage.  Since the predominant frequen- 
cies of these hdicopten are in most cases not yet fully es- 
tabliihed 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-8I0C that the above paragraphs for equipment in- 
stalled in hdicopten 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 M1L-STD-8I0C; it is a test 
document and it is a good one. its main problem is that 
it is greatly misundentood by both government personnel 
and contracton.  I believe that in the »hock and vibration 
area 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 
government and with industry is necessary to achieve this 
goal. 

Mr. Picraol:   I would like to start by noting that it is 
easy to criticize any specification and this one is no excep- 
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~8I0B.  With that said I 
would like to note a couple of things that have come to 
my attention.   I myself have only recently seen this stand- 
ard.   I have been going through a few interesting exercises 
that I 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.  I 
assumed an F-4 carrying a Sparrow Missile, and a value of 
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nux q ami then calculated Ihc vibration lest levels.   Dave 
Farts made a comment earlier, 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 F-4.  1 know something 
about the Sparrow Missile vibration levels.  I am a little 
surprised that the aircraft cockpit is 8 times shakier than 
the Sparrow Missile.   I appreciate the fact that the Spar- 
row Missile has a much higher weight density, but I also 
appreciate the fact that the cockpit is in an area generally 
where the boundary layer is a bit smoother, so perhaps 
somebody could comment on this.   It Tint suggests that 
perhaps the aircraft levels are a bit conservative, or the 
stores levels are a bit unconservative. or maybe a little of 
both.   I will note that 1 did check the stores levels against 
some measured data on the Sparrow Missile and I 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 
the specilication and remembering that the specification 
is smooth, that means that at some spectral location I ex- 
ceeded the specifications by a substantial amount.   But at 
least it seems unlikely that anyone will argue that the 
specification is too conservative.  There aie a couple of 
things that might be disturbing and I am surprised that 
they weren't mentioned.   That is I am sure that one can 
contrive, and it very likely will happen in practice, that 

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 seem 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 slick with the bounds.  I note that in 
certain areas it did that and I think that might be worth- 
while.  No one discussed the connecting rod approach; I 
thought they would.  That is given as an option and I 
wanted to note 'hat 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 lime and money 
and when it works it seems to work amazingly well.  There 
are cases however where it wilt 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 dilferent results 
since there is no specific guidance on where the control 
accelerometers are mounted for response control testing. 
That could certainty raise some objections, however the 
idea of going to response control tests, as I think every- 
body up here agrees, is certainty very wise as compared to 
the previous testing procedures. 

DISCUSSION 

Prior to the discussion Dr. Burkhard and Mr. Scvy joined 
the panel. 

noise spectrum is continuous it wilt cover those ten har- 
monics. 

Mr. Hancock (LTV Aerospace):   t understand that 
Method 519.2 is being revised again and is not as publish- 
ed in the MIL  STD  8IOC copy that is presently being 
circulated.   Is thai correct'' 

Mr  Scvy.   No.   Method 519 wilt follow on tue term- 
ination of tne completion of MIL   STD  8IOC as a coor- 
dinated document so we arc holding off on it. 

Mr. Hancock:   Will we agree anymore on the second 
revision'1  The basic area of disagreement is that wc be- 
lieve that more discrete components are inherent in gun- 
fire than the present method indicates. 

Mr. Scvy: Ves. We are set npht now at the funda- 
mental, first, second, third, and fourth harmonic. Is that 
what you are talking abouf1 

Mr. Hancock: 
ten harmonics. 

Yes, and we would like to see about 

Mr. Sevy:   You would like to sec ten harmonics'' 
That takes you up above 500 Hz and beyond.   As you 
know wc arc substituting an acoustic test for the higher 
harmonics   That is the reason for the superposition of 
the four harmonics over the noise spectrum, and since the 

Mr. Hancock:  O.K.     It Is a long argument.   I guess 
t can refer back to our paper in the 40th Shock and Vi- 
bration Bulletin on gunfire simulation techniques as stilt 
being our preference.   In regard to both vibration and 
acoustic testing of stores, we have looked at one store 
configuration on the A7A which was quite clean and the 
prediction methods currently existing yielded vibration 
levels approximately ten times those that were actually 
measured.   It was a tow density large store which was just 
the opposite of what Allan Piersol said a few minutes ago. 

Mr. Burkhard:   We found that the density of some 
stores becomes very tow since they may have a lot of 
open area or light package material, such as in a dispenser 
where you have leaflets or something like that.  The cri- 
teria are slightly conservative in that regard and we arc 
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- 
form stores and I think densities in the range of 40 to 
150 pounds per cubic foot.  When you are above or below 
that range the criteria fall off. 

Mr. Hancock:   It seemed to us that maybe the K 
factors might be changed slightly.   It was as though the 
present method always assumes a separation on the aft 
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end of the store and doesn't give proper leeway for the de- 
sign of a store to avoid separation.  Now I realize that in 
some flight profiles a slight 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 cri'eria 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 enviionmeni than would normally be there if you 
didn't have separated flow. 

Mr. Hancock:   I guess that the level that will be pre- 
dicted with the present method would be -tore appropri- 
ate to a separated level than to a clean attached boundary 
layer level. 

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

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

Mr. Burkhard:   It would certainly be reduced if you 
didn't have separated flow because of the reduced amount 
of excitation or turbulence induced into the boundary 
layer, vhiich is a different situation than was used to set 
up the criteria.   The criteria 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 submission of alternate lest 
methods if data can be used tu substantiate it. is it still 
there? One other comment on the aeroacoustic store test- 
ing; I think it would make sense to test a store In a pro- 
gressive wave tube rather than in a reverberant chamber.   I 
can't quite read thai permission into the present MIL 
3T »-8I0C 

Mr. Burkhard: 
that for? 

What condition you would want to do 

Mr. Hancock:   Acroatouslic loading or jet noise. 

Mr. Burkhard:   No.   It is currently set up for a re- 
verberant chamber.   There would have to be some adjust- 
ment in the levels themselves to account lor the difference 
in environment 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 I 
wouldn't know what that would be. 

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

Mr. Burkhard: I would refer that to the acoustics ex- 
perts in terms of what the required deviation would be or 
the variation from the current reverherant criteria.   I doi'l 

know whether your submission would be up or down in 
terms of response. 

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

Mr. Laboissonniere:  I am not saying that we are 
going to drop this and we are going to change.  I am going 
to have to live with this requirement of the 200 Hz. We 
are putting it in our specifications right now, I feel that we 
are going to have problems in meeting some of these things, 
and that is why I brought it up.  I didn't say that we were 
taking it out.  We have not had enough lime to subject 
some of our ECOM equipment to this test; Mr. Biamonte 
had never done it to my knowledge.  I started to subject 
one piece of man packed equipment that is vehicula' 
mounted with shock mounts.  I was able to get through 
one 3 hour cycle and I found out that my shock mounts 
failed and my equipment failed.  I didn't have another 
piece of equipment that I 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 more design work; we will probably have to have 
heavier equipment because we will have to stiffen com- 
ponents which we never did before, and I have a feeling 
that it will cost us more money.   But it is in MK - STD 
810 and we are not recommending that it be taken out. 

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

Mr. l-ahoissoqiiiere:   This is because we feel that if it 
is on shock mounts they will attenuate inputs at that 
frequency. 

Mr. Senn:   Well then, you say that it reall) doesn't 
do anything when you gel above 200 Hz, therefore it is a 
useless test and it is a waste of time. 

Mr. Senn:   It Is not an overtest then? 

Mr. Laboissonniere:   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 bounce test to lie the most suitable test for 
electronic equipment and that you have arrived at this 
conclusion after a number of in-house tests and different 
data.  Can you provide us with the reports backing up 
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(hal sUtcmcni? 

Mr. LaboiaonniMc:   Ye». 

Mr Scnn: On (he helicopter lest that is in the version 
of MIL-STD-8I0C that was distributed for comments, we 
withdrew that, and at the meeting in July an alternate 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. 
I have seen the Army's comment. I have been over it with 
the other people, and they have agreed to it. 

Mr. Senn:   Yes. that is the one we proposed. 

Mr. Laboissonnietc: The only reason I 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-I hel- 
icopter's rotor blade passage frequencies arc 11, 22. 33. 
and 44 Hz.  When you take into consideration the varia- 
tions that you get from pilots, from equipment, and be- 
tween helicopters, you will run from a few percent above 
(o 10 percent below, then the blade passage frequencies 
ot another helicopter are a multiple of 12 Hi. 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 
IX1 

Mr. Labo'ssonnierc    Yes.   Procedure IX. that was 
the vehicular bounce lest thai was iaken out.  We arc still 
sticking with the loose cargo lest.  Our problem is arc we 
going to run both Ihc sinusoidal vibration and the loose 
cargo lests''   I believe you have a choice, we would run the 
loose cargo lest 

Mr. Senn    The object of a lest of equipment for the 
Army is 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 of a truck 
or into a trailer then it should be tested in that way. and 
that is a loose cargo lest.   If it is something that is not 
carried in that way but is mounted as secured cargo then 
i! should be tested that way.   The determination as to how 
it is tested depends on how it is used. 

Mr. Bowser (Aeronautical Systems Division):   Recently 
the flight control community was given some vibration 
level requirements for a flight control con.puter in one of 
our projcels. the Light Weight Fighter.  The proposed spec- 
tral density levels were stated at one point £nd the com- 
munity got rather upset and put up quite a fight to lower 

the requiremenU and they won, they were using the MIL- 
STO-81OC requirement $l4.2-liA . 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? 

Ml faril'  I am »ot too familiar with that. Could 
you tell me where it was located? 

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

Mr. Earls:  How many measurements did you have? 

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

Mr. Earls:   I will give you one explanation that I 
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 (he 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 957r 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 1 
might add to Dave's comments; this is the Flight Control 
Computer of the F-16 that you are referring to, is that 
correct? 

Mr. Bowser:   Yes. 

Mr. Wdkus:  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.  TTie 
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 Hut type of ttnictunl detaQ. We had hoped, 
in new specifkatkuu, to try to accomptiih some of this 
landy through some distance parameter from the skin and 
that it would help to reduce those levels somewhat. I re- 
call that that particular vibration level ran at fairly high 
Mach numbers end 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 doser 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 I was one of the individuals here that did not 
sec MIL-STD-8I0C before tonight so I particularly ap- 
preciated your preview of some of the changes in the 
standard.  I would like to talk for a moment about the 
bask philosophy behind this standard as well as the one 
that was in MIL-STD-8I0B and in the others: a moment 
ago someone 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 loo severe or even under 
severe, then we are more or less obligated to look at field 
data and arrive at a specification that we fed 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 elaboistion on this paragraph in MIL-STD-8I0C so 
that we could follow what I have called 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.  I 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 I 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 particulrr 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.  I 
think it is applied in the Air Force according to m^jor 
weapons sytems and it is probably a little more difficult 
when you get into the GFE areas, and I think that is 
mainly becuase of the lack of environmental engineering 
personnel who are able to make the judgments. We be- 
come involved where there are wrong judgments made be- 
cause in applying it across the board we hope it is more 
realistic now; we are working toward that goal so that you 
won't make as bad iristakes as you have before because we 
are trying to tailor the vibration tests to the individual ap- 
plication just as much as we can.  But there is still that 

perogative. it just depends at what level it is applied, and 
maybe you are at a levd where it is pretty difficult to 
apply. It is hard to talk to a program maiuger 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 Bate 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 building up that expertise 
in those types of people who can be called on to hdp you 
tailor your test, and especially if the tpedfication doesn't 
cover your application. 

Mr. Tipton: As I have said before prime contracton 
usually generate 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 spedfically sutes 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 actually 
it is not so hypothetical, because I have been through it 
and I 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 hsidwere 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 spedfication 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 I am 
alluding to and it has happened any number of times in 
the past, and I feel 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 t 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. Kana:  You are probably right in that but I 
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- 
cerned with perhaps a helicopter specification that was 
proposed.  They are concerned because the Hucy has four 
blade passage frequencies of 11. 22. 33. and 44 I'..', other 
helicopters may have some other number, and they look at 
all of the frequencies that they have to dwell at.   I 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.   I think that what we arc trying to do is make 
MIL   STD  810C too rigid, not to allow any flexibility in 
applying the test schedule.   It has to be done.   Who 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. 

can be applied at any location that is suitable for your 
purpose, either 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 resonant 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 I do a test, or if someone else does a test, there could 
be two completely different sets of results; second most of 
the time I work with subcontractors rather than some gov- 
ernment agency, and I could get considerable pressure, I 
am not saying that I would bend to this pressure, but I 
could get considerable pressure to perform this test in a 
way that would be most advantageous to this subcontrac- 
tor.   And (here are other problems also such as DCAS 
would like a written procedure so they know exactly what 
is going on where it is loosely stated; this could be a prob- 
lem in delaying the test program until everyone is in agree- 
ment. 

Mr. Curtis (Hughes Aircraft Company):   To follow on 
Dr. Kana's comment about the "escape clause", which I 
suspect k 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 KFP 
that calls out requirements in accordance with MIL  STD 
810 then that should include that paragraph, so if you can 
arrive at alternate requirements this is looked upon as being 
unresponsive, and so you suggest this to the proposal man- 
ager and he says 1 am not going to be unresponsive.   So 
the end response is that you don't have the opportunity 
in take advantage of that clause. 

Mr. Herding    1 agree with what you say and I think 
that this is a very real situation, we tried to circumvent it 
but we weren't successful.   We attempted to do something 
that the govemmenl has done with air and water pollution, 
that is In propose an environmental 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, and that wasn't only for the 
dynamic area    1 had the same experience that you had in 
attempting to do that but 1 wanted to throw it out be- 
cause it is kind of analagous to the environmental impact 
statement requirements tor power plants and the like 

Mr  Picrsol.   1 think that it should he noted however 
that apparently it tan be done.   If I am not mistaken on 
the B-l all the requircmenis were pretty well developed 
outside formal >pecilications so it docs occur. 

Mr. Rothaug (Dayton T. Brown Inc.I:   Let me bring 
up a little different aspect of this from the test lab point 
of view.   1 understand that the procedures for externally 
suspended stores are loosely written on purpose so that 
they can be interpreted in different ways, lor example 
the store can be suspended in various ways and vibration 

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

Mr. Herzing: 1 have seen a number of requests to do 
testing in similar manner as called for in MIL-STD-8I0C 
and 1 have never considered it experimental. When I have 
to respond to a quotation and tell them how much it will 
cost 1 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 tiie 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 shaker store test as it is proposed is purely a low fre- 
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 a store which predominantly occur during takeoff, taxi, 
rolling, or passage through turbulent air during the flight 
profile.   So you try to identify these types of frequencies 
in the initial search for resonant peaks, realizing under the 
assumption that the most significant damage that occurs 
In this Ircquency regime occurs in those bands around 
those peak response frequencies that represent beam or 
large deflection type behavior of the pod. 
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Mr. Rolhaug:   Dr. Burkhard. I agree with your philos- 
ophy but I still would like to see something written to 
further define the methods.  I have seen a lot of flight data 
thai shows frequendes up to and beyond SK Hz, this test 
only goes, even with the acoustic test, to 2K Hi.    Is there 
any reason why it is cut off at that point? 

Mr. Burkhard:   The specification docs say that when 
you normally run a facility of this sort there are other 
higher harmonics, up to SK.IOK 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.   I 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 frequencies in your store because 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 only 
on external stores, but there are good technical reasons for 
doing them on any piece of equipment which is of suffi- 
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.   I would 
like to strongly suggest along the lines of Mr. Rothaug that 
a minimum input speclrum 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.   I also know as a contractor 
that the test will be applied to me. it will be applied as an 
equipment specification, and that I will be required to show 
system performance under those conditions regardless of 
what MIL  STD  810C says: so you have to look at it as 
being used in that way and you may not be around to tell 
somebody that it is really a structural test and therefore I 
shouldn't care whether the equipment performs or not.   I 
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 piece of internal equipment, which might 
be a whole radar subsy stem that weighs on the order of 
600 or 700 pounds, that is all being tested together as a 
rack1  There is exactly the same technical justification for 
response control as you have on the external store. 

Mr. Beck (Boeing Aerospace):   I woulc like to com- 
ment on arriving at your own lest levels.   Wc 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 wc seem to run into is that any- 
time somebody invokes a standard such as MIL  STD  «10. 
and this gets into the project, it becomes sacred.   I can 
understand that a vendor or whoever runs a K"      illy has 
to adhere to that specification and there seems        ■ no 
way of deviating from it.   Many times when we lai* to the 
people that are responsible for avionics they don't seem to 
know that there is a dynamics laboratory at Wright- 
Patterson Air Force Base.  There must be some way in this 
procedure that you could handle these special cases, such 

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.  I 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 lend to be arbitrary or very 
binding when they get into a specification.  I appreciate 
what you are trying to do and I 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 among those that are knowledgeable; then may- 
be you can come up with something that is better for all 
parties involved. 

Mr. Kana:  This is of course part of the discussion that 
I brought up earlier and I agree that it is all part of this 
problem.   I think that if or when an item passes a standard 
test in MIL-STD-8I0B 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 prove that this specification 
or some other one is more effective or more appropriate. 

Mr. Senn    I don't think that wc '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 I can't speak for 
the Air Force because I don't deal in their kind of equip- 
ment: but the equipment that LCOM is testing has a mul- 
tiplicity of purposes: they don't know in what helicopter 
it will be used, so they have to have 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 wc will test it to that vehicle. 
You have paragraph 1.2 in the front of the MIL- STD 
810C that says if you know a better way to do it. do it 
that way. you can't very well open the book any more 
than that, if someone doesn't want to lake it he will not 
take it regardless of what you write in it. 

Mr. Beck:   There is one request I hope you put in 
and that is how to handle vibration isolators.  With the 5 
Hz minimum test limit you can cram all of your frequen- 
tits below 5 Hz and you isolate equipment in the B-l or 
B-52 and it will be damaged.  There are many people who 
misuse isolators.   Do you have a minimum frequency re- 
qur -m-nt in MIL  STD  8100 

Mr. Farls:   I think it is the 20 to 30 Hz range. I can't 
quote MIL  STD  8I0C exactly, but for aircraft applications 
we try to keep them in that range.   I can't quote you the 

5.1 

fflBfflaiMaMi&ait ,■:..,.   -.■■^..W..^^.^.^^^^^^.^.*.^^  .-^..^.^^^^^M^W 
- —-■.-^^-^^ 



pangraph or number but if it is not there it will be. If 
equipment is to be tested off the isolaton, where you 
don't have the isolaton or the rack, you mount it on iso- 
laton with resonances between 20 and 30 Hz and a Q of 
4 to S and test it as being mounted on isolaton; 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):   I believe 
the Air Force has the same problems that the contractun 
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, withoi; thought, without analysis, and that there 
needs to be some negotiation between the contractor and 
the Air Force on a technical plan. As I see 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- 
bntion or any other environment. 1 think the contractor 
has that right and I think if the equipment procurement 
engineer doesn't know who that person is he should be 
forced to go find him. I think if we had that, or at least 
if we went in that direction, and I am sure ASD is going 
in that direction, we could resolve all of the minute per- 
turbations to M1L-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 seems to me that maybe we ate missing 
some people in the audience that we ought to have.  Per- 
haps General Stewart ought to be here and perhaps the 
commanders of the Naval Sea Systems Command, the 
Naval Electronics Systems Command, and the various Army 
commodity commands; because one of the most frequent 
complaints that reflects on this 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 »he Air Force SPO's or the Type Desks in the Navy, 
don't have the right personnel and they get a document 
such as M1L-STD-8I0C or MIL-S-90IC.  A contractor 
can come to this project office and say here is proof that 
we don't need to cost the government 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 i really think the problem is a little bigger for 
deviations from specifications and 1 don't know how to 
solve it; but maybe we are getting a little improvement in 
those areas.   I hope so, 

Mr. Root (National Waterlift):   I think Mr. Pusey's 
comments brings us back to this second support document. 

I know as a second tier subcontractor we could use it at 
times to know the limitations of these formulae, how to 
apply them, and what are some of the guidelines; maybe 
we need a second document to go along with MIL-STD- 
8IOC and maybe this would answer some of these other 
questions. 

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

Mr. Root:  I don't think so much that, I 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, 
here are the escape clauses and so forth. 

Mr. Volin: I 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 (Rockwell 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 I have heard 
tonight was specifications.  It has always been my impres- 
sion that a standard was a guideline. 

Mr. Earls:   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 applicable to your item in its location and from that 
point on I don't think you really have to refer to MIL- 
STD-810 except for the mechanics of the test,  i think we 
get into a very vicious circle in the detailed 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 wc should consider changing 
MIL-STD-810 to MIL-S-810, 

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- 
cation; the specification is contracturally binding. 

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

Mr. Feroli <Abeideen Proving CwMind>:  One mote 
word about this "escape clause".  I remember that we were 
working on this MIL-STD-8I0C during a tri-setvice 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 
eliminating that "escape clause" and a question came up as 
to how should we write it in; the answer «ras let's put it in 
capitals.  So I think that for the benefit of the contractors 
it is important to realize how significant the services felt 
that this "escape clause" was; but I want to point out one 
more thing. We feel that in deviating from MIL-STD- 
8IOC the burden of proof lies on the person who wants to 
deviate, it isn't the other way around.  He has to have 
pretty good proof that the environment that his item will 
experience will not be that as explained in MIL-STD- 
810C. 

Mr. Wjlkus:   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 ran into this.  I think that it is incumbent 
on the technical people in relations with management to 
become acquainted with us the technical experts.  1 am 
disappointed that people think that a specification or a 
standard is being imposed on them, and incidentially I 
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 1 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't 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 
t!rm» until way down stream. 

Mr. Hancock: When will the myriad of specifications, 
such as MIL-T -5422 be revised to reflect the standards of 
M1L-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 so we are interested in 

revising MIL T-5422 in the Air Force 

Mr. Hancock:   What about MIL  E  5400» 

Mr. fcaris:  We luve convinced some avionics people 
that using M1L-E-S400 is the wrong approach and that 
random vibration is the right approach. I think it will be 
easier to convince them once we get it into MIL-STD- 
8I0C. General Philips, the Commander of AFSC is an old 
SAMSO nun 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.  I haven't approached any other people 
than the avionics people; we have run random vibration 
tests for them, it has really opened their eyes and they 
have been for it.  i haven't tried to talk to those who ad- 
minister the specifications. 

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

Mr. Boudin:   I am afraid I can't answer that question 
directly.  Test requirements 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 even see them 
until once they are out on the street and have been signed 
off by the Naval Air Systems Command. 

Mr. Hancock:   I 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.  I believe that in one of my written comments to 
Dave Earls 1 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. Earls:   It is possible if you have a write up that 
fits in there.   1 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 
compartment 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. 
I don't know how you would put It Into th   standard. 

Mr. Tustln (Tustln Institute of Technoloev):   It seem» 
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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irfcicnccd supporting «locumcnt. Such dung* as an accept- 
able fiktuie. acceptable instrumeniaiion. and pick up loca- 
tion», should be defined better than they ate. Q-iestions 
conceming tracking fiiten are often not answered by the 
standards: also what is an acceptable sine wave, or how 
much distortion might be peimilted? I would like to go 
along with Mr. Rothaug's previous comments that the test 
labs need considerably more in the way of procedures and 
guidance. 

Mr. Volin: To answer one of your comments I no- 
ticed in the current proposed version of MIL- STD-8I0C 
that there is a minor discussion on the use of tracking fil- 
lers but I would certainly agree with you that it could be 
amplified as to their use and limitations. 

Mr. Rothaug:   tahaps 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 
procedures that would have to go back for approval before 
tests are mn. 

Mi. Tipton:   It is probably impossible in a general 
standard to get anything detailed however I think the 
"escape clause" is something that people look at and I 
don't see any reason why it couldn't be expanded to in- 
clude more Kalislic lest procedures. 

Mr. Rothaug:   I didn't really mean 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  8I0C 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 
services are procuring. 

Mr. Tipton:   Well, il MIL-STD -810 is imposed and 
it doesn't give you any "escape clause" lo generate the ap- 
plicable test methods I don't know what to do.  The way 
I interpret MIL- STD -810. it gives you an "escape clause" 
on the test curve to he 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- 
'.ation.  Tliis is to be assured that the Air Force or whoever 
purchases the equipment will eventually get material that 
lias been properly tested. 

Mr. Tipton:   There is one approach lo that and it is 
not done on all contracts but it is generally done on major 
aircraft 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- 
ular equipment.  I believe whoever does the testing has lo 
■ • imaginative in generating his own particular unique test 
requirements for a particular piece of  quipment; and when 
those requirements aren't addressed in MIL-STD  8I0C. 
and actually most of the detailed test requirements that 

may be unique are not addreswd in MIL-STD-S10C, to 
someone has to use imaginatian in arriving at the best way 
lo perfoim a lest. Sometimes there are icquirements for 
lest plant which go ihraugh an approval cycle, and other 
limes they are not, but I think the only way lo handle 
these unique cases it to write them up on a separate batit. 

Mr. Curtit:  I would be agaitist trying to put too many 
procedural type requirements into MIL-STD-8I0C.  Il 
seems to me that a military standard is a requirements doc- 
ument with enough "how to" kind of information in there 
so you generally know what you are supposed to do; but 
that has lo be followed up by a detailed test procedure 
prepared by the people who will do the test. Thai hat to 
include a lot of information that you never could put ir-Ut 
a general military standard because not only do you have 
to include in that procedure how you are going to create, 
control, and measure the environment itself, but most of 
the tests require that you have lo perform the functional 
testing on the equipment. 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. I don't have 
the numbers with me but the spectral density levels for 
internal avionics that are called out in MIL-STD-8I0C 
appear lo be quite high compared to the measured data on 
avionics equipment in a number of aircraft that I have in 
hand.  I recognize that it is an envelope of the data, but 
even as an envelope, it seems quite high. Was there a con- 
scious increase of that level to provide a known margin in 
establishing those levels? 

Mr. Dreher (Aeronautical Systems Division):  There 
art no factors of safety or tolerance margins in it, we only 
tried to envelope the data.  We found the mean 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 95% 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 value 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 I 
would ask myself if that is the level that is really going to 
be there and if I want to add a factor of safety to it, then 
what factor of safety do I want to add? There are a num- 
ber used in our industry.  I 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 little comfortable 
feeling; if I consider adding 6 dB to the mean value then 
I would find that I 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 95% 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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iyitcm ami thai is how wc »rived at those levels. I want 
the confideiwe thai the actual levels are pnn$ to be less 
than those that I know my piece of equipment can take. 

Mr. ForkoistNRU:   I haven't seen this last version 
of MIL  STD  SIOT but I wonder if anyone has considered 
that t.V levels of vibration should be associated with the 
weights of the equipment and to what parts of the stiuc 
lure they are attached'*  It seems to me that the energy is 
distributed 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. Forkois.   I am not familiar with specification in 
as much detail as you are. but it just seems to me that 

maybe if you have something that weighs 3000 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. Prihaps you should have some sort of a scale 
which is directed toward this concept. 

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

CO-MODERATOR'S SUMMARY 

First our introductory comments: an excellent presen- 
tation was made b> David Fart» 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  8I0B and 
he pointed out where he consiueis the improvements to be 
in MIL -STD  8I0C.   Peter Bouclin made comments fur 
stores, making a special point of the hard point mount 
called fur on MIL  STD  8I0B and its elimination as a dc- 
Miahlc feature.   Joseph (iaudel pointed out thai he has had 
no particular problems with MIL  STD  810B and that he 
would like to sec more information on MIL  STD  8I0C' 
since it is a new standard and he hasn't had dilficulty with 
the past one    I think this does note that we arc all foinp 
to have to have a period of introduction to develop some 
confidence in this standard.   Al Tipion. for the case of air- 
craft, noted deficiencies in MIL  STD  8I0B particularly 
the lack of a random vibration requirement and he noted 
some of the deficiencies that he sees in MIL  STD  8IOC. 
Finally (jene Laboissonnicre discussed the problems that 
arc associated with the ground equipnient and pointed out 
a number of deficiencies in the application of MIL   STI) 
8ICt to ground equipment.  We had a lot cf pood dis- 
cussion, and it seems thai perhaps three points were pre- 
Jominant.  Considerable discussion ensued on the prob- 
lems of deviating from MIL   STD   8I0C. liiat is whether 

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 tb-s would be in the generation of the 
specification.  T.. .. »«s some discussion about including 
backup philosophy.  I 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 external stores tests Allen Curtis 
pointed out something to me that I didn't know; apparent- 
ly there is no specified icvel between the peaks in the 
lower frequency range for the store vibration tests and that 
certuinly is an important point that is worthy of considera- 
tion.  We also had a comment noting that when MIL-STD- 
8IOC was applied to a very low mass density store that 
reasonably high levels resulted; this supports one of my 
earlier comments that there probably should be some sort 
of bounds since it is very easy to run into situations that 
are outside the range of the MIL  STD  8I0C data, and 
generate unreasonable levels. 
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TEST OR ANALYZE 

A Fanel Session 

Moderator: George Amir 

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

Mr. gr'lWffBfflliyr- Actually there really 
isnt that much division between the two different 
design techniques of analysis and test as the 
separation of the tables might Indicate. I really 
dldnt anticipate being first and even at that I 
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 structure^ 
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 slide shows a rather complex structure 
it is rather large and some of you may be famil- 
iar 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.  B I ask you to 
simply design this so it won't fly around the 
room that is a very simple matter; but if I 
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 

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?  I 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 Jet 
Aircraft, crashes of several of the Electras, 
the P-lll 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, to 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 
juries 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 ground- 
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-lll crashes, imperfections in a 
wing structure forging were a source of fracture 
origin.    Extensive 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 conditions. 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. 

I think materials properties are a weak 
point in many analyses.  More specifically 
analysts use material property values based on 
slow strain or stress rates applied in so called 
static testing machines.  Under actual shock 
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 lb.  These structures 
have accessibility and maintainability require- 
ments which detract significantly from the 

amount of continuous material which can be 
included in the calculation for moment of inertia 
in determining deflections 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 
I7Hz. 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 technique 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 ii creased 
to 30Hz, suitably in excess of the maximum 
upper forcing test frequency of 25Hz and a 
corresponding Transmissibility Ratio of less 
than 3 to 1 was attained. So these are the 
two major items in which I 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 I have come up with a simple and 
quite obvious solution, you test everything that 
is small and you analyze everything that is big. 
This would leave the burden of the decision to 
less technical and more administrative group 
personnel. This I fear 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 

(>{) 

■ ■   -■      -^.L^^^.H ! -i liillMl|-|MlilhlMW'i-^"w^t^Jl^Mi 



putting it in a place where it will least affect 
the object. 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 1 have found some design engineers 
who really dread analysis but nearly all the 
design engineers I know dread testing, we as 
human beings do not like to be found wrong. I 
think I would be remiss in my duties as a test 
engineer if I 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 he 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 I 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 between anal- 
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 do 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 

true; there is certainly a balance somewhere 
between them. I 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. If 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. I 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 I 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 1 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 munben that maybe they wont even 
use. But these are both extremes of what I 
call bad engineering practice. 

Mr. Mains: I don't know whether I like 
being classified as an analyst. Hike 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 I 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. I like 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 it 
around pushing on it to see how things deform 
so 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 so 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. I guess 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: I think that we have an 
awfully difficult topic today because you have to 
put so many qualifications and consider so 
many contingencies to discuss it intelligently. 
I think the reason that I accepted this position 
was that I was sitting in a lecture room shortly 
before I 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 I believe It was something 
he had copied. There is a sort of friendly 
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 
lab 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 
I 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 end 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 to 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 which you have used 
a very special purpose analog computer erected 
in the structures lab. Really if there is a 
rivalry 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 decision 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. I 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; but on the other 
hand it would be foolish to do it based purely 
on testing.  I think 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 engineer only talks 
to a designer when he is going tu call him some 
names because be brought this piece of hard- 
ware that obviously couldn't pass the environ- 
mental tests. I think that the whole problem is 
the fact that designers and test engineers really 
don't work together enough. I 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. I have 
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.  I think 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 ol 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.  I 
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 anjone 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 Physics 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 

unless an individual has been Intimately con- 
cerned with the process he doesnt 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 waa 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, tt 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 {dace. 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 
number 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 I 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. B 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 «re involved in concepts and they symbolize 
these concepts in equations and these are general 
equations. You cant 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 1 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 guess we are all saying what is obvious.  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 arbitrarily 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.  I for one very much favor 
concurrent development testing with analysis. 

Mr. Forkots:  Very well put Dr. Mains and 
I agree with you one hundred percent.  I think 
what we need here is a definition 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 
course the Navy has many of these tests; we 
make a limited number of samples and then 
they are put aboard the ship.  The Navy has 
groups which then test these items aboard 
ship; the fact that you have passed certain 
tests does not mean that it will automatically 
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 

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. I recall 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 clanged the pro- 
cess so that the spring was actually deforming 
plastically or 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 I 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- 
faced with the larger system, but at least you 
know you have something that ia fairly good. 
Then we have the reliability testing which 
Colonel Swett mentioned yesterday and I was 
surprised to learn that the Air Force 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.  I was 
trained as a designer and I use the test machines 
as analogs.  They are my computers and I have 
faith in them. 

Mr. Root, (National Waterlift Co.): You have 
mentioned the development type tests and I can 
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 I 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. I 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 design area. The designs 
are frequently reviewed, the designers have to 
show their trade-offs, and tell their reasons; 
but when it comes to discussing the tests 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 
question of bad test and analysis is for organiza- 
tions to be more critical and have more people 
look at what is being done; probably the best 
way to do it is to have the analysts or 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 

our decisions, for instance reliability require- 
ments. A vendor wilt 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, b 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: I think again this is a negative 
comment but the problem is that neither test 
nor analysis is very definite. The vibration 
test is probably a good example.  If you give 
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.  Jt you give 
me a set of natural frequencies and you give me 
the drawings for something I can probably make 
the natural frequencies come out there, but the 
analysis is just not that finite a thing, nothing 
is.  I don't think that you should miss any 
opportunity to assure yourself that something is 
going to work or function as it should, therefore 
I 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 
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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 consid^raMans that 
General Stewart mentioned yesterday. There 
are other considerations involved besides 
shock and vibration. 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 
bottom.  I think that this discussion is 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. (SV1C):  The cost and the avail- 
ability of the hardware was one of the prime 
considerations that has not 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 lack 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. SchellT (SVIC):   I 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.  I recall 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 times 
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 hew 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 
to utilize testing eventhough we have very large 
structures where the cost would normally be 

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 certaii 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 relatively 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 
shake five story buildings, 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 
these tests have often been done previously 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 evaluate 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, not only in terms of money but in terms of 
people themselves and the mission. 
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Mr. Fortentoerry. Uet Fropulston labora- 
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. Forkois: 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 tp 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 I 
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.  I think 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 some 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 tie analytical loads analysis.  Maybe 
this is just one data point as to how test and 
analysis should be balanced. 

Mr. Reed:  Sitting here and listening to all 
these comments I think the problem is if this 
were a boiler makers convention there would 
be no problem. The technology exists to 
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 
nould test it at 150^ of the design level or 
whatever after the boiler was designed. The 
problem is the tack 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. If you worked to make this a black 
and white issue and eliminate all analysis it 
would be a little hard to imagine that our tech- 
nology will get us to the point where we can do 
an accurate analysis if the analysis capability 
is completely denied. 

Mr. Mains:  You should have been at the 
Pressure Vessel and Piping 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.  1 think they are 
real life tests and we are shocked by the results 
of these real life tests and we try to learn from 
them.  They are in fact providing empirical 
data for both analysts and testing advocates. 

Mr. O'Hearne:  1 believe there is a great 
deal of confidence in certain types of analysis, 
lor 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.  I have read recently that there 
is some thought being given to eliminating the 
ground resonance survey on the Space Shuttle 
because of cost.  I don'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:    I have a question for the panel, 
ff we talk about the real design, the designer is 
faced with the decision to size his structure, and 
the question is how does he do it? Well there 
are many methods, one of them is to perform 
some calculations. The question is can we use 
today's sophisticated methods to support the de- 
signer especially where cost is very critical, 
and the schedules and the requirements are 
tight ?  There is a need to use sophisticated 
methods, can we use them 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 could 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 
structural. The difficulties usually arise when 
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 electronic gear, 
batteries, or search lights, because the primary 
effort is not on how to make the thing hold to- 
gether. 

Mr. Senn. (U.S. Army Test & Evalustion 
Command):  Your comment about overtesting Is 

familiar I have heard it before. If we have any 
choice on how to test an item we will put it in 
the real environment and run it, drive it, fly it, 
or whatever you have to do with it to get enough 
statistical data to know u ether or not the item 
will survive in the real field. 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 is a laboratory test and therein lies 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 is why we prefer the real 
environment. I don'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:  I agree with you. I get students 
from an aircraft company, some of whom work 
in the test laboratories and some of whom 
work in the design 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 needs to be 
changed by a factor of two so don't have much 
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.  I am in the 
electronic packaging area of JPL and over my 
life time I liave 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 continue 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 I 
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. 1 
wonder where our next generation of responsible 
design engineers will come from if 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 is 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 roost 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 finite elements and let the computer grind 
away without really examining the meaning of 
it all. I have a collegue who wants to do 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-elasticity. He apparently didn't know 
that this had been done but he still wants to do 
it with finite elements; something is out of joint 
here, something is wrong. We need to ask our- 
selves now what am I really trying to do and how 
much do I need to do to get results: not Ok I 
have a program so we will shovel some numbers 
into it and see what comes out. 

Mr. Forkois:  If what the gentleman said is 
true that detailed testing is going to decrease 
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. Fortrnberry:  I don'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 

with quite a few of the cost experts on the pro- 
gram , and the trend, at least as far as the 
Space Shuttle Program is concerned, is to fly 
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. 

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 told 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 
to the .38 after the decimal point and they didn't 
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 
ago at the ASME Design Technology Conference 
in New York; here we seem to be talking about 
the trend toward more analysis and less testing. 
There was perhaps a different group of people 
at that meeting but the concern was that the 
students that came out of college adapted im- 
mediately to the ways of industry in which the 
people* in industry claim largely has very little 
or no uce for analysis.  I spoke to someone from 
United Aircraft in Canada about this trend toward 
analysis and he claimed that the new engineers 
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 into a possible deemphasis of testing is its 
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high cost. Rather thai reduce testing we should 
exauine 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 inexperiive 
to run, and yet it gives good results;  I 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 analysts 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 respudd to new 
design changes before it even got into the test 
lab.  It looks as if it ;a a complicated system 
and it is a very expensive million dollar 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 M1L-STD 810, put in temper- 
ature chambers, and put in particular require- 
ments on a test and expect to do it cheaply?  I 
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 vehiclt 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 
"Calcorap" plot of particular motion variables, 
such as attitude or lateral acceleration, 
would be on 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 think, if that product cost analysts 
were sitting in that room what he might have 
though! about the difference in oosi between 
that Calcomp plot and that flight test. 

Mr. Burns (ConBuItant): A« far as the cost of 
test is coneemed and whether or not we are too 
sophisticated you cant dismss that question 
until you discuss the purpose of testing. For 
example Or. Mains mentioned that his students 
from the test labs sometimes had to double 
scantlings by a factor of two, bat I wonder if 
those same students ever considered catting 
the scantglings in half?  V your only question 
in a test is whether the equipment is sitf icient 
to purpose it is a relatively simple test. If 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 these 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-90IC 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 land 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 moment 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 OKI;:  Over the 
past twenty years the Navy has been 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 I think is 
very important. We speak of overtesting but a 
largt 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 something 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.  I have a fet   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 
♦hey have a failure.  They can't have the $500 
to test it but they will spend $500,000 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 tall chasing the 
dog continuously. 

Mr. Volln: Those of you who were present 
at our opening session yesterday morning may 
have beard Mr. Short discuss the Rivet Gyro 
Program, b that discussion he mentioned some 
cases where testing and perhaps even analysis 
that should have been done was overlooked. As 
a result at 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. 
If 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. Hanksf (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 14 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 also use analysis to put the 
test results of these components together to 
produce the whole vehicle, to eliminate testing 
on the entire vehicle. 

Mr. Ibrahim (NASA Langley Research Ctr.): 
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 itut 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.  I 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 me solution for the problem 
but people are now developing computers and 
equipment for vibration testing, and the tech- 
niques that they are using were developed by 
Kennely and Pancu in 1947.   I don't say that one 
technique is bad or that another technique might 
be good but we have to improve existing tech- 
niques and develop new techniques for testing. 



The analyst has to work to produce simpler 
testing techniques and this I guess will help to 
solve the problem. 

Mr. O'Hearne:  I 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 missing. 
For some reason they had not consulted engi- 
neering. 

PANELISTS CONCLUDING REMARKS 

Mr. Irving: After listening to all of the dis- 
cussion I have come to the conclusion that the 
test engineer is about the best friend and analyst 
has.  I think that the time has come now where 
*e have to go a little bit beyond just friendship 
and I 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.  I think that now it is time for us 
as individulas to get together and make this 
same marriage. 

Mr. Schoonroaker:  I certainly agree with 
those remarks and I would just like to say that 
this reiterates some of the considerations that 
I feel 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 I would feel that there 
is still a place for testing. 

Mr. Forkois:   I of course agree with two 
previous summaries.  However, I did 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 I think I was trying to emphasize a 
little philosophical 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?   1 think 
today we have come to the conclusion that we 
need a little bit of both.  I think 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. 
I 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. B 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. 

für. Mains:  I 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 betwee n 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 not to test 
in the place of analysis, or to have a test engi- 
neer control the test except for his instrument« 
and his on-line 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 

SEISMIC SIMJLATOR FOR 

SILO CONSTRAINED MISSILE GUIDANCE PLATFORM 

R. L. Felker 
Rockwell International Corporation 

Anaheim, California 

A test facility for subjecting a precision inertial guidance 
platfon to siaulated seisaic disturbances is described. The 
facility controls, siaultaneously. four independent actions 
applied to the inertial guidance platfora. These are three 
rotational and one of three possible linear Motion with 
accuracies of one arc second rotational and .001 inch linear. 
Details, unique features, and technical problens that were 
encountered are presented. 

ISTROnUCTIOS 

A test facility for sinulating silo 
constrained missile response to ground 
action was designed and developed by the 
F.nvironaental Test Laboratory at the 
Autonetics Division of Rockwell Interna- 
tional. The ground notion that is simulated 
is a computer solved equation representing 
possible field ser ice conditions. The 
nature of this motion, caused by random 
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 tho 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 
faci1ity. 

The test item was to be an inertial 
guidance platform with roughly 3 22 inch 
diameter, spherically shaped case with 
equatorial mounting pads.  The platform 
weighs approximately,90 pounds. A standard 
value of S Ib-in-sec" for the moment of 
inertia was satisfactory for facility design 
purposes. The requirements were: rotational 
accuracy of 1 arc second, 80 dB dynamic 
range, linsar accuracy of .001 inch, 70 dB 
dynamic range, DC to 5 Hz frequency response, 
simultaneous multi-axis notion, and a motion 
derived from a complex waveform equation. 
After screening existing equipment specifi- 
cations and reviewing the requirements, it 
was apparent that a digital approach with 
precision equipment was necessary. A three 
degree of freedom rotational system would 

be necessary. However, a three degree of 
freedom 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 ginbaled 
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 F.-K 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- 
ihic reaction mass, 2) a three axis gimbal 
system for 3 degrees of rotation motion, and 
41 an Integrated Control Console designed to 
provide for command and control and a monitor 
of all the various elements of the seismic 
simulator. 

SEISMIC 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 

73 



Fig. 1 - View of seismic sinulator with test item «ounted 

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. Tlie bottom 
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.  fSee Kigare 2)  Design 
requirements dictated that positioning the 
bottom granite block level was critical 
since the reference level of the entire 
notion sinulator was based upon it. To 
accomplish this, three hydraulic jacks were 
imbedded in the concrete mass beneath the 
granite block in a three-point suspension 
layout. A special ccsting resin, possessing 
a very low shrinkage coefficient was employed 
as a grout Between the concrete mass and the 
granite block. Precise leveling of the 

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 24-nour resin cure 
period, the second granite block was set on 
top of the bottom granite block. A swivel 
pin recessed in the geometrical center of 
the bottom granite block mates to a corres- 
ponding bearing in the center of top granite 
block, thu« providing for rotation of the 
top granite block with respect tc the bottom 
block. The precision ground mating surfaces 
of the two granite blocks 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 acconmodate 
rotation of the system for selecting the 
direction of the translational input.  Both 
granite blocks were fabricated by Mojave 
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Fig. 2 - View of bottom granite base and positions for actuator base nounting 

sec 

Granite. Physically, these blocks are 
1) bottoa:  66 inches x 66 inches x 16 inches 
thick, and 2i   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 se 
in the north-south axis and 20 sec 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 aiimuth 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 translational actuator to 
the concrete seismic mass. These are steel 
plates approximately 2 ft. x J ft. x 3 in. 
thick. These plates were also precision 
leveled and grouted into the prescribed fixed 
positions. Further, to provide maximum 
stability each pad was anchored to the con- 
crete mass by six 1-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 features of this portion of 
the facility is that the seismic mass sup- 
porting the notion 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 seisaic aass and the 
retaining walls of the pit in which it is 
situated. This provides for isolation in 
that disturbances froa outside sources 
affecting the siaulator during extremely 
low level aotion are reduced. This isolation 
also reduces the effect on the sensitive 
test site equipaent during large seisaic 
aotions. Measureaents during no prograaed 
input and at various frequencies and aapli- 
tudes in the range of the seisaic prograas, 
indicated at least 4:1 isolation between 
the seisaic aass and the building floor. 
That is, the quiescent noise on the build- 
ing floor was greater than 4 tines the noise 
on the aass. During siaulated prograa aotions 
in the linear S-S and E-K directions, the 
nass moved at least S tiaes the detected 
motion on the building floor. The aotions 
measured covered Ü.1 £ec to 2.0 Sec.    Cable 
trays were installed in this isolation space 
to provide a convenient and unobtrusive 
means of running utility lines to and froa 
the motion simulator. The seismic aass, 
including the granite blocks, weighs approxi- 
mately 108 tons. 

mwSLATIONAL MOTION SIMULATOR 

This system is comprised of two main 
components:  1) the slip table, and 2) the 
actuator.  Item I) is a set of four special 
Team Corporation long-stroke hydrostatic 
bearings upon which is asseabled a Kimbal 
Industries mounting fixture that also serves 
as a stiJCture unitinp the four bearings 
into one integrated moving member.  Item 2) 
is an MTS Systems Corporation electro- 
hydraulic actuator which provides the driv- 
ing force to the fixture bearings. 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 mounted on a 
unique Team Corp. adjustable block.  The 
adjustment range is in micro inches. These 
blocks were developed in order to moke the 
t iMe linear stroke nonrotational for the 
f.;i IS inch programed stroke, lach end of 
ea^h adjustable block contains a chamber 
with a grease fitting access. A conmon auto 
grease gun is u^ed to pressurize the chamber. 
Each chamber requires a different pressure 
up to approximately 3000 psi to level the 
block, thus obtaining the desired nonrota- 
tional motion.  fSee Figure .1). 

Second, a special linear transducer 
of the Linear Variable Displacement Trans- 
former (LV't)T) type is usej as the position 
feedback source for cli);"d loop control of 
the actuator. This transducer is in reality 
two LVDT's mounted on the same shaft. One 
has a full range of 1 inch for small dis- 

placeaents while the other has a range of 
20 inches. Noiaally, the closed loop con- 
trol transducer is a part of the actuator 
itself, however, for this application the 
LVDT is aounted on the slip table as a aeans 
of iaproving accuracy. 

Third, the coupling between the slip 
table and the actuator consists of a high 
frequency isolating elastoaer. The purpose 
of this elastoaer is to reduce or eliminate 
pressure pulsations, which are generated 
by the actuator hydraulic pump, froa reaching 
the test itea or being observed as accelera- 
tion levels in any part of the aoving fix- 
ture. The actuator hydraulic puap configura- 
tion and motor speed were selected to have 
puap pulsations at 140 Hz, outside of any 
calculated giabal resonance. During the 
initial design phase of the prograa, it was 
learned that Or. D. M. Onysko of the Forrest 
Product Lab in Ottowa, Canada, had achieved 
some success with elastoaers for the saae 
purpose on a huaan factors aotion siaulator. 
The supplier of the Canadian actuator and 
our actuator, MTS Systeas Corporation, pro- 
vided four sets of elastoaers 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. 
Tlie only problem encountered was insufficient 
precoapression. 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 
actuator 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 "line tamer" accumulator 
was designed into the hydraulic system to 
initially reduce the hydraulic 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 *he linear actuator 
that produces the linear motion.  Both the 
power supplies are 2500 psi capability and 
are located outside of the test site room 
to miniminc noise. 

HOTATIONAI. MOTION SIMULATOR 

This equijment is a 3-axis rotational 
motion simulator that utilizes the trans- 
lational motion fixture as its hase. The 
3-axis gimhaled system is a modified Carco 
Mcctronics Model S-460 structure. This 
system is a IC torquer drive motor configura- 
tion with tachometer servo stabilization. 
The ijimhals are, for the most part, solid 
cast magnesitur. with two end supports on the 
two inner gimbals and a single end support 
on the outer gimbal. The  gimhaled 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 Rimbal will accept a 24" dianter 
spherically shaped test load. (See Fig. 1) 

Because of the unusual requirement 
for such a large, motion producing piece of 
equipment to sustain side forces, fitself 
being subjected to motion), the single end 
support of the outer gimbal was of special 
design. Two bearings, stiffened plates, 
and precision dimensions for base interface 
were required. 

Because the test item was to bt moni- 
tored extensively, special gimbal frames 
were built with ^5 optical access holes. 
These access hols were in line with and 
5" above the gimbal coordinates. The drive 
motor and inductosyn Stators located in the 
housings were machined to allow maximum 
optical access without degrading electrical 

nr mechanical performance. 

Fach axis has a 720  pole inductosyn 
position transducer which is connected with 
a digital system for .0001° resolution. 
There are removable stops at -J' in all axes 
and reduced-power switches at -J 1/2" on all 
axes. Programable motion roust be within 
these limits unless the Unit switches and 
stops are removed.  (Then motion up to approxi- 
mately -dn0 can he obtained on two axei and 
-100° on the other axis, limited by cable 
routing.) 

Removable locking pins on each axis 
maintain near :ero position for power-off 
conditijns, repeatable to within approxi- 
mately - .00^0 which far exceeds design 
requirements, but after extensive use, a 
desire exists for a less deviate pinning 
position. 
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INTEGRATCO CONIKOL CONSOLE 

The control console consists of a 3 bay 
Autonetics console attached to a 2 bay Carco 
Electronics console. The Carco console con- 
tains the electronics exclusively for the 
5 giabals, such as aotor drive power iapli- 
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 processing 
circuits. The digital signal processing 
circuits contain de-aultiplexing, input 
arithaetic, output arithmetic and aulti- 
plexing functions. The arithaetic circuits 
convert - binary coded deciaal signals to 
circular coordinate values of binary coded 
deciaal signals for the Carco input infor- 
aation and reverses the process for the 
output information. This console also con- 
tains such devices as the MIS hydraulic 
linear control electronics, 8 channel strip 
recorder and seisaic tiltaeter electronics. 

The nuaber of possible displaceaenls 
for motion is 5 axes (3 rotational and 2 
linear) multiplexed in a tiae sequence as 
follows: Roll. Yaw, Pitch. Linear North- 
South and Linear East-Nest. Linear NK-SE 
motion must be selected froa and programed 
into one of the 2 available multiplexed 
linear time slots. 

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

The dynanic range of position informa- 
tion required for the test was 80 dB, Due 
to the typical 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 required 10 tape 
recorder channels for the 10 bits. Thus a 
total of 10 segments at 0.S 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 TRIG format time code "B" multiplexed 
togeher. The 14th channel information 
signals were kept separate and distributed 
separately from the 13 channels of position 
information. 

Tile Integrated Control Console input 
circuits for each recorder channel consist 

of one stage of aaplification and filtering, 
adjustable on« shot delay, and data latches 
and clock synchronization. After the S axes 
of Motion infonMtion is deaultiplexed at 
the latches, plus and ainus BCD inforaation 
is a.ailable. The linear actuator electronics 
accepts this foiaat of inforaation and North- 
South or East-Nest is thus selected. How- 
ever, the Carco electronics are wired for 
ro^-.tional values froa 0* to 359.9999*. It 
is necessary to convert -BCD values to 
circular values. The arithaetic circuit 
accoaplishes '.his function. Wien the linear 
input is icquired to be E-H, the roll angle 
is set to 90*. (Also a 4S* input can be 
selected for use of N-S or E-N inforaation 
or other special prograaaing.) the roll 
position information in  converted to 90* - 
values by selecting the desired angle with 
front panel control of the arithaetic circuits. 

For the recording of digital inforaation 
(of the prograaed action obtained), the above 
process of arithaetic functions and the multi- 
plexing of the inforaation back into the origi- 
nal format is repeated in a reverse sequence. 

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

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

PFRIPHERAL FQUIPMENT 

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

The Endevco Corp, linear accelerometer 
monitors motion from -lg to approximately -50 
micro g's limited by physical and electrical 
noise. TVo Systron Donner angular acceler- 
ometers monitor motion from -1 radian/sec to 
approximately -1.0 milliradian/sec', again 
limited by physical and electrical noise. The 
roll axis accelerometer is -0.S 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 depending on 
the lens used. It 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 ssscably. TUe giabals 
(hence test itea) raMin at the saae coapass 
heading while the linear drive axis is 
oriented to a new coapass heading. The bi- 
axial tiltaeter is a Rockwell International 
coaaercial version of the Ninuteaan tilt- 
aeter. It is used to aonitor the seisaic 
reaction aass for seisaic disturbances 
during a test and detects aotion to one 
percent of an arc second (1/5 arc second 
is the typical observed value due to aotion 
prograaing during a test). 

TKWilCAL PÄOBLENS 

Technical problaas, encountered during 
the build-up {Aase of operations, were 
serious due to the extreae tiae schedule 
required and consisted of the following 
«ajor areas of endeavor: (a) seisaic aass, 
(b) biaxial tiltaeter, (c) tape recorder 
augment, (d) electrical noise, (e) linear- 
ity of Carco servo loop, and (f) Carco/A.A. 
Cage fint-coarsc switch circuits. A brief 
explanation of these problems is listed 
below: 

(a) The seisaic aass preparation problems 
started with the initial hole-in-the- 
ground. Between awaiting decisions 
on new federal regulations on safety 
and the coopleting of the walls of the 
hole in the ground, the earth dried out 
and seme 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 tiaes the original floor 
area to prevent cave-ins. This in- 
creased costs and, loore importantly, 
delayed the scheduled coapletion tiae. 

(b) After the initial installation nf the 
biaxial tiltnetcr in the isiddli1 of 
the seismic mass, a slow change in the 
tilt of the mass was indicated. '. 
factory check of the tiltmeter elec- 
tronics revealed satisfactory operation. 
The question of seismic mass stability 
versu- tiltmeter stability was answered 
by extensive checking which showed ar. 
anomaly in the tiltmeter sensor which 
was repaired. 

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

vibrators) were installed «ad the attend- 
ant rewiring of the coaputer-wired 
chassis was necessary. 

(d) Electrical Noise - In the console, 
excessive susceptibility to electronic 
noise necessitated redesign of input 
circuits and digital clocking circuits. 
These problaas becaae evident after 
test runs were initiated. After re- 
design and due to raaaining infrequent 
noise "spikes" fed into the drive cir- 
cuits, the source of the spikes was 
difficult to isolate. Hhile investi- 
gating recorded tapes, the Xerox coa- 
puter was discovered to be a contributor 
to soae of the spikes. The problca was 
solved by Xerox. Environaental chafers 
outside the test site room on the saae 
power lines were the aain reaaining con- 
tributor to the occasional "spike" felt 
by the systea, 

Electrical noise froa laboratory equip- 
ment occasionally caused false digital 
bits and occasionally caused iapulses in 
the analog signals. Considerable tiae 
was spent in diagnosing the source of 
and the input path of noise. Power line 
filters were installed.  In addition, 
due to observing 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 aalfunction or other cata- 
strophic failure. Further work of 
isolation and noist. suppression was 
centered in the A. A. Gage digital cir- 
cuits of the Carco 3 giabal systea. 

fel During the initial calibration and 
acceptance tests on the Carco unit, it 
was discerned that the linearity- 
frequency response of the systea was 
not acceptable. The systea response was 
acceptable in the area of 0.1 to 1 Hz, 
but. a S It: 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. 

(f) The (arco Electronics digital circuitry 
procured by Carco Electronics froa A.A. 
(•age exhibited a subtle problem during 
the checkout phase of operations. With 
a digital input signal approximately 1* 
in ampli*'ide 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 Batching the fine 
error voltage in a random manner. 
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Extensive ImrMtlfMion with nqwri- 
■mtai circuit chmgM wir* evaluated 
during tha checliout phase. A series 
of discussions with Caret» folloiied 
«kich resulted in a co^tletely re- 
designed circuit, reccwended by 
Autcnetics. Tfcis circuit was installed, 
evaluated, and determined to be Jerk- 
free and stable. 

the results of all aeasureaents indi- 
cated a conpletely acceptable per- 
foimance of the entire ssisnic test 
|acility. Rotational value| fro« 
- 1/S arc second to alnost -3* and 
frequencies to approxiastely S Hz were 
progrwed in the various scenarios, 
^inear values fro« -.001 to alnost 
-7M and to approsiaately S Hz were 
included in the prograas. 

TEST PROGRAM 

The test prograa consisted of 17 
scenarios or seisaic sinulation test pro- 
files with different paraneters, labeled 
A-l through A-12 and B-l through B-5. 
Each scenario was detemined to be a dis- 
tinct set of paraneters by Ballistics 
Engineering. 

Prior to the application of each test 
scenario to the test itea, a conplete 
recorder test run was perfoned (without 
drive power applied to supply notion). The 
prinary purpose was to adjust the digital 
tining circuits foi optinua tine delays and 
conpensate for variations in each tape 
scenario fron a previous scenario and to 
verify the data on t! e tape. Due to the 
long tine period required to obtain the 
conplete set of 17 scenarios, different 
recorders, different computer to analog 
wiring dressing, and different equipaent 
were utilized during the fabrication period. 
These variations influenced the recorded 
digital data tiits tining in relation to the 
clock pulses atvl to each other, fro« tape 
to tape, 

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

This digital infonat'oa was available for 
aoaitoring and was used for all tests. 
Carco also has analag position inforaation 
available, which was also usad for all tests. 
Ih« NTS linear systea has aa analog to 
digital and a digital to analog comforter 
incorporated in the signal output and input 
lines. The digital position inforaation froa 
all four notions was aultiplexed in the 
Control Console and the resultant output 
signals connected to the test site signal 
connection boa. These signals were then 
connected via the aaster patch panel in the 
Data Center to a recorder for peraanent 
record of the test. In addition, analog sig- 
nals were aonitored via the strip chart 
recorder. Position cc—and and test fixture 
acceleration signals were the aain signals 
aonitored during a test. The seisaic tilt- 
aeter and position output signals were 
occasionally aonitored. (See Fig. 4) 

Also, an analog aagnetic tape recorder 
located at the test site was connected to 
the 4 axis analog position inforaation and 
three Davidson optical auto-colliaator out- 
put signals. Tiae code foraats 1RIG "B" and 
"C" were used to correlate all recorders. 

CONCLUSION 

This unique equipaent has been in ser- 
vice for over wie year and has been a success- 
ful adjunct to inertial platform iaproveaents. 
Because of the built-in flexibility, nuaerous 
special tests beyond the original concept 
have also been perforaed. Seisaic environ- 
■tnts of l/'40th scale were perforaed. This 
l/40th scale was perforaed in digital «ode 
for precise reference and was prograaed 
analog by a siaple signal attenuation network 
attached to a D/A converter. Various coi- 
binations of analog, digital, linear, and 
rotational deviations fro« noraal testing 
have ensued. Other special tests such as 
post launch and large asseably sinulation 
have been perforaed. In addition, other 
engineering groups are preparing their test 
prograas to include a proposal to utilize this 
facility. 

TEST MONITORING 

The seisaic notion was aonitored for 
displacenent and acceleration. The 3 axis 
Carco Electronics systea utilizes digital 
position inforaation for servo control. 
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EARTHQUAKE RESPONSE OF COMMUNICATIONS 
EQUIPMENT IN SMALL BUILDINGS 

N. J. DeCapua and F. X. Prendergast 
Dell Laboratories 

Whippany, New Jersey 

The earthquake response of multiple rows of equipment frameworks 
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 
loads for a wide range of office configurations. 

INTRODUCTION 

Earthquake protection of telephone buildings 
and equipment nas always been a design con- 
sideration in areas of high seismic activity.  In 
the past, design practices were provided by 
< unsidering existing earthquake historical data 
to assess seismic risk, and employing available 
analytical tools to design buildings and equip- 
ment.   However, these techniques were inade- 
quate in many cases for analyzing complex 
structures.  Great advances have been made 
during the last decade in seismic risk analysis 
and structural dynamics. Computer codes have 
been developed for analyzing the dynamic res- 
ponse- of complex building and equipment con- 
fitnirations to earthquake excitations. 

The oarthquakt- response of multiple rows of 
fall slender equipment frameworks in smaK 
single-story Community Dial Offices (CDO) is 
studied in this paper.   The buildings housinc 
this equipment are typically constructed of 
cither concrete block or wood framing.   T'iey 
are usually located in suburban areas where 
larm- and fast population growth has necessi- 
tated additional telephone facilities 

Typical F quipnient-Bracing Configuration 

Fitrure 1 is a schematic representation of a 
tvpiral equipment-support structure.   Fquip- 
ment frame lineups are tied together at the 
^-ftx^ level by cross-aisle cable racks and 
steel ancle braces (indicated as lineup bracesi. 
On the Common Distribution Frame (CDFt side, 
the frames are attached to the buildinc wall by 
horizontally oriented steel angle braces    Fquip- 
ment frames opposite the CDF are in many 
cases targe distances from the outside wail and, 
therefore, mit attached directly to it. 

Failure Modes 

The most probable earthquake-induced fail- 
lure modes of the CDO bracing system shown 
in Figure 1 are due to: (1) buckling of the wall 
braces under excessive load, or (2) tension 
failure of the connection between the wall brace 
and the building 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 directior as depicted in Figure 1.  The 
configuration in the long direction is such that 
the stiffness of the equipment frames bolted 
together and to the floor is more than adequate 
for earthquake loadings. 

ANALYTICAL PROCEDURE 

The determination of loadings in the equip- 
ment bracing system and the resulting possi- 
bility of failure of this configuration are deter- 
mined by the following general procedures: 

1. The actual equipment-brae ing-lxiilding 
structure is a continuous three- 
dimensional system, which can be 
modeled with beams and trusses into an 
equivalent two-dimensional mathematical 
representation, so that available dynamic 
computer programs can be employed. 

2. The frequencies and mode shapes of the 
structure's equivalent mathematical 

Preceding pap Mank 



STEEL ANCLE 
WALL BRAC. 

1 STEEL ANGLE 
WALL BRACE 

9FT 

CDF. 

7T7-77 
\ 

ft 

,1 

i 

STEEL ANGLE 
LINEUP BRACE 

WEAK-STIFFNESS 
DIRECTION 

77777  

^^  EQUIPMENT   LINEUPS 

Fig. 1 - Typical CDO Support System 

BLDG. 

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 lor the 
appropriate earthquake forcing function. 

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

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

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 bracing 
system.  This assumption is justified because 
of the small displacements, and hence elastic 
responses, that result from the dynamic 
loadings. 

Coupled equipment and building rsspomes 
are Included.  In most other seismic studies 
equipment and building responses are assumed 
to he uncoupled because the building mass Is 
so much larger than the equipment mass.  How- 
ever, as shown later In this study the equipment 
mass Is comparable to the building mass, and 
the coupling effect Is significant. 

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

•Numbers In brackets dosignatp rpferences. 

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 consldeied 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 5. 

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 Dial Office 

lineup. Wall and lineup braces are modeled as 
trusses. Cables running in the direction 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 horizontal beam for the roof, using 
properties from the actual CDO building. The 
effect of the end wall mass is taken into account 
by doubling the weight of the roof section as- 
sociated with the lineup model. The effect of 
the end wall stiffness is considered by adding 

two "phantom" trusses. These trusses areused 
to "tune" the lowest mode of the building to a 
specific natural frequency.  This was achieved 
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 this particular example the lineups are 
represented as beams with "built-in" connec- 
tions to the ground. In addition the building is 
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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] information 
pertaining to building 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 mode 
shapes of the model.   Plots of the first four 
modes are shown in Figures 4a through 4d. 
Mode shape one, Figure 4a at 3.61 Hz, corres- 
ponds primarily to the movement of the CDF. 
This is expected because the weight of this line- 
up is much larger than any ether lineup.  The 
second mode shape. Figure 4b at 8.64 Hz  is a 
complex mode that includes coupled building 
and equipment motion.  Thus, the 10-Hz building 
uncoupled frequency is 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 CT)0 models, which 
included -K CDF and a 10-Hz building. 

For the dynamic analysis a modal damping 
value of 2 pe cent of critical was used for all 
frequencies. This assumption is reasonable for 
the equipment modes: however, building damp- 
ing should be higher (5 to 10 percent of crli 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. 

Table 1 shows the forces in the lineup and 
wall bracing for this particular example. 
Notice that the wall brace loads are much 
higher than the lineup brace loadings.  This Is 
an expected result since there are Inherently 
more lineup braces, and also, the wall braces 
support more equipment weight than the lineup 
braces. 

TABLE 1 
Wall Brace and Lineup Brace Loads for 

Typical Office Due to El Centro Earthquake 

Nodes Force Per Brace (lb) 

1-2 670      Wall Brace 
2-7 
7-12 

227 \ 
142 

12-17 
17-22 

119 
132 

-Lineup Braces 

17-27 201 
22-27 289 
27-32 318^ 

32-37 857      Wall Brace 
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Fig. 4 - First Four Mode Shapes of 
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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- 
thesized into general results applicable to any 
CDO. 

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 t -' .nations 
of equipment connection to the ground, and 
building flexibility, resulting in a total of 
14 cases. 

Forcing Function 

The North-South component of the May 18, 
1940, El 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. 

Computer Results 

The results for all of the computer runs 
(due to El Centro) ar«1 tabulated in Table 2. 

TABLE 2 
Tabulated Results of Computer Analysis Due to El Centro 

Model« 
Equivalent 

Length 
(ft) 

Number of 
Braces 

Total Wall 
Load (lb) 

Force Per 
Brace (lb) 

CDF 
Side 

OPP 
Side 

CDF 
Side 

OPP 
Side 

CDF 1 OPP 
Side     Side 

1-P-R 44 1 3 430 1,790 430 600 
2-P-R 79 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 7,802 5,101 780 730 
4-P-D 268 10 13,000 11,100 1,300 1,587 
4-F-D 268 10 6,700 6,000 670 857 
5-P-R 299 14 

_ 
11,670' 5,568 834 795 

5-P-D 299 14 15,560 10,378 1,111 1,482 
5-F-D 299 14 10,386 6,825 741 975 
6-P-R 170 10 o 10,508 0 1,051 0 
6-P-D 170 10 0 15,250 0 1,525 0 
6-F-D 170 10 0 9,650 0 965 0 
7-P-D 72 3 0 6,800 0 2,267 0 

i     7-F-D 72 3 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 
:iigid 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 at the remain- 
ing lineups in the office. It provides a number 
approximately 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:  (1) binned 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 Inadi from Table 2. 

It is obvious from this plot that there is an 
almost linear relattonship between wall load 
and equivalent lengLi for each of the three model 
co figurations. This was expected since, as 
indicated previously, the mode shapes and 
frequencies of each office model are approxi- 
mately the same. Thus, the major difference 
in the response for each model type is 

OFFICE 

100 200 
EQUIVALENT  LENGTH  OF   LINEUP (FT) 

300 

+ PINNED BASE EQUIPMENT AND 10 Hi BUILDING 

X FIXED BASE EQUIPMENT AND 10 Ht BUILDING 

•      PINNED BASE  EQUIPMENT   AND  RIGID   BUILDING 

Fig. 6 - Total Wall Load vs. Equivalent Length 
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primarily a linear function of the total weight 
of the equipment. 

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 both 
cases, the responses are almost double. Con- 
sidering this oata, two assumptions are made. 
First, since the 10-Hz building is a more- real- 
istic representation of the CDO Duüdmgs and 
has such a significant effect, only the results 
from the 10-Hz building models are consider^. 
Second, since the connection of the equipment 
to the ground is neither pinned nor fixed, but 
somewhere 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 6 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 survlvability of 
wall-braced equipment in small buildings has 
been completed.  Tests show that the most 
vulnerable part of the eouipment-support 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. 

i. Determining frequencies and mode shapes 
of the model employing finite element 
computer codes. 

3. Determining the dynamic response of the 
model due to the expected earthquake 
excitation. 

4. r<t;crmining peak loadings in the equip- 
fit support-structure. 

The unique part of the analysis w; « including 
dynamic equipment-building interaction. In 
most other seismic studies equipment 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. o'Henrne: (y«run-Marietta)  W«§ vour forcing 

function the longitudinal notion nf the floor? 

Mr. !)eC»p'i»:  Yes, horiicntal notion«. 

Mr. o'Hearne:  You didn't indicate how you 

solved the t^ation». 

Mr. DeCapua:  We performed an exact solution of 

the transient equations of motion in the modal 

analysis where all modes are included. 

Mr. O'Hearne:  Did vou use a digital computer? 

Mr. De Capua:  Yes. 

Mr. O'Hearne: Tliat is a large number of cyclic 

forcing functions. Did you have a problem with 

nvimerical stability? 

Mr. DeCapua:  No we didn't have any trouble 

with the stability or with computer time in 

this problem.  It is because we considered low 

frequencies «o that the computation interval 

was not that small and the total computation 

time was not that large. 

Mr. O'Hearne:  I couldn't tell what boundary 

condition you used from the diagram of your 

mode shapes. Were the franc» all fixed at 

the base to an unmoving floor? 

Mr. DeCapua:  The frames were, in some cases 

pinned and some cases fixed, we did both. 

The building was fixed to the ground and the 

floor motion was the lateral earthquake motion. 

Mr. O'Hearne:  That is what I thought and I 

would suggest that a better boundary condition 

would be to do the eigen analysis with the 

floor free to move longitudinally,in that way 

you don't have to mass couple the rigid body 



jnd you h«v« • diagonal Mt of equations 
■otlons In th» general lied coordinates.  I 
think your frequency spectrun for this kind 
of solution would be better fir those boundary 
conditions. 

Mr. DeCapua:  The boundary codltlons that I 
chose are typical of the bound»ry conditions 
In this type of problem, the inputs «ere as 
precise and as accurate as «c could wmks  then 
so I don't feel thst ve could leprcve the 
analysis. 

Mr. O'Hesme:  I'm not talking about your act- 
ual physical boundary condilions, but the 
generalized coordinates In which you solve the 
equations. If you use the boundary conditions 
which I Just Indicated you would »ave no nass 
coupling wt'h the rigid boi;  node. You would 
hive a different spectrum wf.lch might be more 
suitable for your solution. There was a Bell 
Labs paper that was presented at this meetIng 
last year in which a set of nodes, similar to 
yours, were used for the sane type of 
circumstances. 

Mr. OeCspua:  It was quite a bit different. 
Our input motions sre actually the ground 
motions we are net modeling the soil at all. 
In that paper there was a soil model and so 
you did get the rigid body building notion in 
the soil. That particular paper was quite 
different from this one. 

Hr. Butiel: (Boeing Company) What would have 
happened if you had accounted for the soil 
motion?  How woul 1 that have influenced these 
r^xlmum brsclng loads? 

Mr. De'spua:  It is not that we didn't account 
for it.  It's thst th-i  environment itself, 
the El-Centro Earthquake environment, is the 
soil notion. There are other models which 
actually generate the soil notion In the analy- 
sis. But we assumed thst the free field notions 
that we have are the actual ground motions, snd 
these are the motions st the base of the 
building. The El-Centro Earthquake wss a 
measured ground notion. So we are not modeling 
any soil structure interaction, because this is 
the notion of the soil in our particular configu- 
ration. 

Mr. Butiel:  lan't it conceivable that the site 
of the building that you analyzed could change 
the apparent aoil notion? 

Mr. DeCapua:  It Is possible, but I think that 
the size of this building waa snail so thit 
the soil notion sround it probably would not 
change significantly. But it la quite different 
for larger buildings. 

Mr. Butzel:  You mentioned that these types of 
buildings are often of wood, brick, or concrete 
block construction; how would the type of 
building construction influence the size of the 
bracing loada that you can tolerate? A concrete 
block building typically falls apart rorc easily 
than frame buildings under earthquake excitation. 

Mr. DeCapua: The buildings themselves are alao 
designed for earthquake excitations. We arrived 
at loadings that were exerted by the equipment 
on the building wall and they were such that 
both the frame and the concrete buildings 
could withstand th»n; the weak link in the 
system wss the support structure of the 
equipment to the building. 

Mr. Butzel:  Mr. Schell suggested thst your 
results could conceivably depend quite criti- 
cally on the sane mdss density of equipment. 
the  fact that you have similarity in node shape 
behavior, what happens if the nass loading 
changes so thst the nodal activity is different? 
Would that change these results significantly? 

Mr. DeCapua:  Yes it will. But we have examined 
the whole spectrum of conaunlty dial offices. 
Although the site of the office '.: different. 
they sll hsve similar characte'-istics since 
they have certain types ot frsnos snd types of 
equipment; the line ups are such that, in the 
entire spectrum of equipment that we examined 
all had slmllsr dynamic characteristics.  o we 
feel that all of the offices sre within this 
srea. If they are different then the results 
of course don't spply, and this depends on the 
differences In Lhelr dynamic characteristics. 

Mr. Butzel:  Do you have any way cf determining 
ahead of time when you are within ssfe Units 
to use this type of curve? When will you lose 
that similarity? 

Mr, DeCapua: We have approximately 100 of these 
offices in California, we have exanlned the 
equipment configurations, and we have convinced 
ourselves that all of them satisfy the same 
dynamic characteristics as this model. 
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Nr. Stahl*: (Gaiwral EUctrlc Co.) Ycu hav* 
•nalyzcd a particular carthquaka, the tlaa 
hiatory of the El-Cantro Earthquaka. How do 
you take into account th* fact that It 1* not 
the ■net aevere earthquake that you eight 
cooalder? 

Mr. OcCapua:  Of courae it ie not th« aoat 
severe earthquake it had a Richter eagnltudc 
of rougnly 7.1.  It It possible that California 
could experience an earthquake of R.chter 
■agnitude of 8 but we have also been doing 
selcoic studies slaultaneoualy to these struct- 
ural studies to dctemine «hat is a typical 
earthquake with various return periods. For 
caaople, if we consider that our equips»"' has 
a fifty year life we would want to detemine 
what is a typical earthquake that we could 
expect In California with a fifty year return 
period. 

E'-Centro fits these characteristics, a fifty 
year return period for your buildings, 
eure precisely than a Richter magnitude 8 
earthquake. So we feel it is a good environaent 
for our facilities but I want to eaphaslsc that 
it lan't the worst caae. I: is possible that 
California could experience a more severe 
earthquake but that probability la snail. 
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SEISMIC ASALTSiS OF MOTORS FOR «.'CLEAR POWER PLANTS 

L. J. Taylor 

Uettinghousc Electric Corporation 

Buffalo. Maw Vorl- 

and 

N. H. Isada 
State University of Sew York at Buffalo 

Qualification analyaia of Seiaalc Category I rotating electrical 
equipment using the Response Spectrua plus Modal Analysis tech- 
nique is described. Equations for a luapad-nass single degree of 
freedom system are written in tera* of influence coefficients and 
solved using matrix iteration. Spectral accelerations arc then 
used to obtain equivalent static forces for stress and deflection 
analvses. 

Before atosic power becaae a practical 
large-scale energy source, consideration of 
seismic design was generally restricted to 
buildings and other tall flexible structures 
With the recent construction and licensing of 
nuclear power plants, the potential hazard of 
an uncontrollable release cf excess radiuactiv- 
itv aa the result of an earthquake is of great 
concern.  It is of the utmost importance that 
those systems and coaponents in the plant which 
are vital to safe operation or shutd-wn (Seis- 
mic Category I) maintain both structural and 
functional integrity during and aftei »tie worst 
possible selsnlc disturbance.  Included in this 
category are alternating-current induction 
motors used to drive pvraps as well as fans for 
the cooling and recirculatton of containment 
air. 

As a part of the Safety Analysts Report 
required in the licensing procedure, documenta- 
tion must be provided to show that all safety 
relat'.d equipment meets the seismic require- 
ment-, of that particular plant. A properly 
designed test of the equipment under simulated 
earthquake conditions can provide accurate and 
reliable results, although special facilities 
are generally needed and the testing is rarely 
inexpensive.  It is possible, however, to 
qualify apparatus for seismic duty through suit- 
able analytical techniques, several of which 
will be discussed here. 

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

studied. Extreme care and good engineering 
judgement are necessary in establishing this 
model since the accuracy of the results depend 
strongly on how well the model represent! the 
actual physical system. Development of some 
of tt«. necessary parameters for analysis may 
require some supplemental testing. 

An alternating-current induction motor 
consists of a wound stator which is pressed 
into a frame barrel, two end brackets, and a 
shaft/rotor core assembly supported by two 
bearings (Figure 1). Torque production is the 
result of the interaction of the magnetic 
fields of the stator and rotor. The end brack- 
ets are of cast irun and are well ribbed both 
internally and externally. The frame is also 
of cast iron. The assembly consisting of the 
fraa«, stator and end brackets is much stiffer 
ai.-l has a much larger mass than that of the 
shaft/rotor core assembly. It ran be assumed 
then that the non-rigid system of interest for 
an«".sis is reatricted to the motor shaft and 
the masses which it supports. The problem ia, 
therefore, reduced to that of a beam simply 
supported by two bearings. 

This type of construction is typical of 
motors through 400 horsepower up to NEMA 
(National Electrical Manufacturers Association) 
frame 449T. Maximum motor Might 1c approxi- 
mately 2000 lbs. which la small compared to the 
building in which it would be located. Cona«- 
quently, the motor can be modeled Independently 
from the supporting structure. For cases «hare 

Preceding pap Hank *)< 
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Fig. I - Typical construction features totally enclosed a.c. Induction aotor. 

the mat» of  the cqulpnent is no. relatively 
small or where flexible equipaent supports are 
used, independent aodcling is not justifiable 
and the entire systea Bust be considered in a 
single aathcaatical aodcl. 

A coasson application of an Induction ao- 
tor as Seisnic Category I electriral equipaent 
is In the Reactor Containaent Fan Cooler (RCFC) 
Systea. The function of this systea is to 
provide cool'.ng and air reclrculatton within 
the reactor prlaary containaent. The motor 
generally haa a two speed winding. During 
noraal operation, the aotor performs at the 
higher horsepower and speed. In the event of 
a nuclear accident, e.g., a pipe rupture, the 
aotor is switched to lew speed and horsepower 

operation. During accident conditions, the 
aotor aust function to circulate dense air 
containing high pressure, high temperature 
ateaa containing a decontaainant cheaical spray 
intended to reduce the radiation level of the 
containaent environaent. In line with the 
conservative design principles eaployed in 
nuclear power plant design, it Is postulated 
that a seisaic event occurs during Just such 
an accident. 

Figure 2 shows a typical RCFC shaft/rotor 
core assembly. A two-stage fan Is Illustrated, 
with identical lapellers mounted near the end 
of each shaft extension. Between the two bear- 
ing supports \t  the rotor core assembly. This 
-ystea can be aodeled as a luaped-aass systea 

'«i 

———-'-'"'—• ~  • ■■- —-Liifi  "—■ ■ -'■"—"~^   I II IMIH (^Mtf 4 



 mmm 

^j 2   L2J-i_iir~bJ   A ^ 

Fig. 2 - Shaft and rotor assembly with two shaft mounted Impellers. 

with the masses connected by massless elastic 
aenbers 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 
points should be assigned to any component of 
mas» having a deflection differing significant- 
ly from an adjacent mass. 

For example, for the 
mass of each Impeller can 
acting over a fairly short 
each mass can be treated a 
ing at its center of gravl 
hand, the rotor core may b 
Inches long. As a result, 
tlnct mass points would be 
representing a section of 
located at that section's 

assembly shown, the 
be considered as 
length of shaft and 

s a single mass act- 
ty. On the other 
e fifteen to twenty 
three or four dis- 
necessary, each 
the core and each 
center of gravity. 

Various industry standards and guides have 
evolved which deal with suggested methods of 
analysis and testing of electrical equipment. 
The most significant such document yet produced 
is probably IEEE No. 344 (Institute of Electri- 
cal and Electronics Engineers), Guide for 
Seismic Qualification of Class I Electrical 
Equipment for Nuclear Power Generating Stations. 

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

IEEE 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 in  limited to rigid equipment 
which can be shown to respond as a single 
degree of freedom system. Seismic forces are 
obtained by multiplying the maximum expected 
seismic acceleration by Che 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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of notion for the systcn are written. Integra- 
tion can be perfoned. This can be accoapllshed 
either by use of an analog computer or by 
nuaerlcal Integration. The difficulty enccun- 
tered in using this aethod lies in defining an 
appropriate driving function - a tine history 
record to be used as input. Other possible 
techniques include Fourier Analyses and the 
Power Spectral Density Analysis. Neither are 
cooaonly employed. The aethod suggested here 
and In IEEE No. 3A4 ij  the Dynaaic Analysis via 
the Response .'.pectrua Modal Analysis. Since 
response spectra are more readily available 
fron consulting engineers and contractors than 
are any other form of input paraaeters, use of 
the Response Spectrum Analysis is a aore real- 
istic and practical approach to the problem. 
The Modal Analysis gives as its results the 
natural frequencies, node shapes and participa- 
tion factors. The Response Spectrua is then 
used to provide the acceleration response of 
each aa&s point in each node. Use of the Modal 
Analysis enables the responses in each normal 
node 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 systeir. 

Consider the systca shown in Figure 2. 
Assuae that notion will occur only in the plane 
of the paper and that the systea Is vibrating 
in a normal nod«. Vertical displaceaents are 
to be considered positive when upward fro« the 
static equilibrlua position. For each aode 
point, the equation of aotion can be written in 
terms of Influence coefficients as 

3'1 
i. jnje. 
ij J J 

Assuaing hanonic aotion and replacing *. by 
-u2x., the systea of equations can be  ^ 
rearranged In matrix fora as 

(XI - w2 [6] [MJ [XJ 

Evaluation of the 5 x 5 influence coefficient 
natrix, I6J, is necessary before proceeding 
further. By definition, the influence coeffi- 
cient, 5.,, Is the deflection at the coordinate 
i due to 
nate j 

,lJ a unit force applied at the coordi- 

F ,   SPRING 
CONSTANT Ki 

FR,  SPRING 
CONSTANT #2 

ul 

Fig. 3 - Evaluation of Influence coefficient 6 11 

By Maxwell's reciprocal principle, d..=6...  As 
a result, only 15 of the 25 influence^co^fl- 
cients will have to be computed. 

support, bearing flexibility and the cantilever 
beam deflection outboard of the bearing 
(Figure 3). 

Tht deflection at node 1 due to a unit 
force applied at that same node, äjj, is the 
result of the angularity at the left bearing 
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where ii • deflection due to angularity er  left 
bearing. 

i^ ■ deflection at node 1 due to left 
bearing deflection. 

':; • deflection at node 1 due to right 
bearing deflection. 

ii, - cantilever beaa deflection. 

ij = aO 

"3 
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The other influence coefficients 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. 

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, 
however, can be much larger depending on the 
flexibility and vibration characteristics of 
the structure. Since the rotating equipment 
has been modeled independently from the sup- 
porting structure, an appropriate floor re- 
sponse spectrum must be provided for every 
level at which 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 assumed 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 available. 

The process is begun by estimating the 
configuration of the first mode and substitut- 
ing the assumed 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 frequency, BJ, 
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 
equations. 

As each mode shape is determined, the 
modal participation factor, :' , must be evalua- 
ted. 

i=l 

The modal frequencies now provide the in- 
put to the Response Spectrum Analysis. A 
typical response spectrum is shown in Figute 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. 

Proceeding on a modal basis, the spectral 
acceleration, S    ,  can be read from the floor 
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. 
tn 

rr..x.     T    S 
i in    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 wtll 
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 operabillty 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- 
scribed by the following 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 fasten 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 g /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 'i.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 ensures a drive sig- 
nal that will be stationary and will not have 
discontinuities at the frame boundaries. 

RANDOM NOISE CEKRMION fEEOWCKCONTROl 

SUM AND 
FORMAT 
FOftOAC 

POMR SPECTRA! 
OENSIIY ANALYZER 

UvTlf Wf« 

ADC 

COPY AND 
ROTATE 

REVERSE AND 
ROTATE 

 I 

COMPARE RETURN 
SPECTRUM WITH 
REFERENCE SPECTRUM 

MODIFY DRIVE 
AMPLITUDE 
SPECTRUM 

INVERSE 
FOURIER 
TRANSFORM 

GENERATE 
COMPLEX 
DRIVE 
SPECTRUM 

TEST LEVEL 

114, 
lit' 

£ 
1/2 
•FULL 

STORED REFERENCE 
SPECTRUM 

SUMOFN 
AUTO-SPECTRUMS 
(RETURN SPECTRUM) 

AVERAGING CONSTANT 

16 LOOPS 

8L0OPSV   * 32 LOOPS 

LONG TERM AVERAGE OF 
RETURN SPECTRUM 

DISPLAY 

Kig.  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 channels for one or 
more frames (ADC buffers) during the control 

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 
modified 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 

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 averaging was checked by running 
a test on a slip table.   Four accelerometers 
were mounted at equal 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 gz/Hz); whereas, the individual accelera- 
tions indicated large variations in level. 

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 short 
test will require 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 loon 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 I shows the relationship of these 
two parameters. 

TABLE 1 

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

No. of 
Accel. 

No. of Frame» per Loop 
Choicer 

2 4 8 12 16 20 24 
3 6 9 12 IS 18 21 
4 4 8 12 16 20 24 
5 5 10 15 20 25 30 
6 4 12 18 24 30 36 

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 
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Fig.  3 - Power spectral density 
for return signals 
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Fig, 4 - Average PSD for input signals 

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- 
scribed by the following 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 g /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 112 level. 
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Fig. 5 - Narrow-band random on broad-band 
random backgroiuid 

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 
sides 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 Tifteen 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 i andom spectrum is 
analogous to the response of a low-pass filter 
to a rectangular pulse Input.   If the pulse is 
too narrow, the output will approximate a half- 
sine pulse at a reduced amplitude.   The output 
signal 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. 

wjHkk v awma IMK 

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 required 
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 g^/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 11 

Band Parureteri 

Parameter  Band 1 Band 2 
Start Frequency (Hz) 10 200 
Stop Frequency (Hz) 200 400 
Bandwidth (Hz) 16 52 
Sweep I 1 
Level (g2/Hz) 0.1 0.1 
Test Duration:   250 seconds 

From 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 shoulde» o. 

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 g-/Kz: Band 2 has a flat top, also near 
0.1 g2 

1 g-/Kz; Band 2 has a flat top, 
-2/Hz, 

lUmTICMOWB       1» 
(MMUWStmi    ll| 

Kig. 7 - Kelurr. spectrum analyzed at 125 
secomls 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.    Linear 
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 1 maintained its rounded 
shape at the correct level during the sweep. 
The apparent narrowing of the hand is due to 
the log-frequency presentation of the data. 
Band 2 also maintained a relatively square 
shape during the sweep. 
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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. 
For these cases, limiting is a useful concept 
to prevent overtesting.   The limit concept as- 
sumes that field experience indicates that the 
response of various points on the structure 
will not exceed certain values: therefore the 
response durinp a test should also not exceed 
these values.   Test techniques1''4 that rest on 
the limit concept have also been suggested. 

The obvious technique for limitation, 
using a digital control technique,  is 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 
l.aborator'«»«.  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 froir 
the familiar equation 

Y(f) = |H(f)!   X<f) (1) 

e 

Y(f) is the response power spectrum, 

X<f) is the input spectrum, and 

IKO is the transer function between 
X and Y. 

where 

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 is cur- 
rently used at Sandia.   The response spectrum 
is rhen estimated from Kq, (1),   If the esti- 
mated response spectrum exceeds the respec- 
tive limit spectrum, the reference spectrum 
for the control point is reduced an appropriate 
amount.   The method is outlined in block form 
in Fig. 9,   The random control program is 
then run in the usual manner by using the modi- 
fied control [joint reference spectrum XjU). 

The advantages of this imp<ementalion 
arc as follows:   The method is easy to imple- 
ment.   Any number of limit channels can be 
handled with no increase In complexity or in 
the control loop time.   The principal disad- 
vantage is that the limit control assumes a 
linear system and is open loop.   That is, if 
an error is made, it cannot be automatically 
corrected during the test run.   This disadvan- 
tage is partially offset by noting that the pre- 
cision required for limiting a spectrum is 
often not so crituil as for the primary control 
channel. 

To implement the above approach, a 
method was provided for measuring the re- 
quired transfer functions and to modify the 
reference spectrum.    No hardware changes or 

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 ORIGINM. 
CONTROL POINT RBEKNCE 
SPECTRUM XJf) o 
SETI* I 

MEASURE THE ITH 
TRANSFER FUNCTION 

HjW 

INDEX 
I 

i -i + 1 

CALCULATE THE 
I TH RESPONSE 

YjKI' MVl «) 

IF Y|(f) EXCEEDS Y;») ||m|t 

AT ANY FREQUENCY SET 
X^I-Yidliimit/'HK'»!2 

AT THAT FREQUENCY 

YES 

Fig, 9 - iilock diagram of limit algorithm 
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Au example to show the type of results 
expected is included.   The same test setup pre- 
viously used to check input averaging was used. 
In this case. Input 1 was defined as the control 
point.   The control spectrum was set at 0.01 
g2/Hz from 20 to 2000 Hz.   Input 4 was selec- 
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 c  /H' (50^ • 
0,01) at 350 Hz and 1 g2/Hz (10r. 0.01) at 
1200 Hz.   The limit spectrum was set at 0.02 
g /Hz.    Figures 11 and 12 show the results 
of this test.   As can be seen from Fig. 11, 
the control spectrum was sharply reduced at 
the first t'«ro axial resonances of the slip table 
(approximately 350 and 1200 Hz) to limit the 
response at the end of the table.   The limit 
was quite good (see Fig.  12).   The third axial 
resonance, which is evident from the data 
(approximately 1800 Hz), did not require 
limiting. 
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Fig.  12 - Response limiting—limit 
channel spectrum 

CONCLISION 

Tne basic control algorithm for digitally 
controlled random vibration tests can be ex- 
panded to include more complex test require- 
ments than the single control channel test: 
Thif paper has described three control ex- 
tensions that have been implemented and 
tested at Sandia Laboratories, Albuquerque, 
Nf w Mexico.   These control extensions have 
s'iown the flexibility of digital control to adapt 
tt> new testing requirements without hardware 
reconfigurations. 

REFERENCES 

Fig.  10 - Transfer function between 
Input 1 and Input 4 

SUTISTICMOMI       i» 
maMiwsuvn   tit 

Fig,   11 - Response limiUng--r(>nti-ol 
spectrum 

1. Chapman, C". P. , Shipley, J., and 
Heizman, C. L., "A Digitally Controlled 
Vibration or Acoustic Testing System," 
Parts I, II, and III, Institute of Environ- 
mental Sciences,  1969 Proceedings, pp. 
387-409. 

2. Tebbs, J, D. , and Hunter, N,  F. , "Digi- 
tally Con'-olled Random Vibration Tests 
on a Sigma V Computer," Institute of 
Environmental Sciences,  1974 Proceed- 
ings, pp 36-43. 

3. Murfin, W,  H., "Dual Specifications in 
Vibration Testing," The Shock and Vibra- 
tion Bulletin, Aug.  1968, No,  38, Part 1. 

4. Witte, A.  F. , and Rodeman. R. , "Dual 
Specifications in Random Vibration Testing, 
an Application of Mechanical Impedance," 
The Shock and Vibration Bulletin, Dec. 
1970, No. 41. Part 4. 

tm 

miismmmim ^.^ »■.-^•¥i ■irha^Mi ^ ■"-'-■•^-TI rn-itunln ■■-'-"-"■ - --■ tm .^.~~^**~™**m*l*mi*i 



m*i* ^m ^P!pBS9! H*:rv'\->:m  ^.jyiJI,!-«!. 

DISCUSSION 

Vole«: What «wep rat« did you ua« on th« 
particular «uapl« of th« narrow band randoa 
on randoai that you «howad? 

Mr. Sacllwood:  In thla particular caac th« teat 
duration waa 10 Blnuta« and «M «««pi over th« 
band one« in that period. 

Mr. Curtl«: (Hugh«a Aircraft Co.) In doing 
raapona« control testa analog atyle, and using 
th« transfer function in the aaae Banner as you 
indicated, Mt found it necessary to ua« an 
Iterative «chew to aaasure th« transfar function 
at incrcaalng level« ao that ua can take car« 
of th« nonlinearitiea due to changaa In danping 
aa the level incraaaas. Have you had a alnilar 
experience? 

Mr. Saallvood: Yes.  I will admit thai that 
is sooctinss a problea with this particular 
method of lialting. To overcome thia problem 
w« try to use a abort burst of noise which 
is near th« desired input level in order to 
measure the tranafar function. 

Mr. Curtis: It Sams to be, and it has been 
our experience, that the short burst that you 
try the firat time should be a few db down 
because if notches are called for, and you are 
at essentially full level during that first 
burst, you nay have a considerable amount of 
overtest during the get ready time. This may 
be enough to have a failure when you really 
shouldn't have one. 

Mr. Smallwood: This Is also true; however ve 
have been -sing transients for this burst which 
is typically only 100 milliseconds long. I will 
admit that we generally run a low level test 
first to make our initial estimate of the 
transfer function. If that works we are in good 
shape If it doesn't we have to Iterate. That is 
correct the iteration is done in an essentially 
manual fashion. 
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VIBRKTION-nnJCH) DOPPLER QTBCIS ON AN AIRBOBNE 

SHF OCMUNICATiaj SYfJTEM 

Jerone Pearson and ?ogex E. Thaller 
Air Faroe Flight Dynamics Laboratory 

Mright-Patterson AFB, Ohio 45433 

The Vibration-induoed Ooppler effects on an airborne super-high- 
irequencv (WF) ooniiunication system were investigated by a flight 
test of the system muited on a transport aircraft and oomunicating 
with a synchronous satellite. The Doppler effects due to the air- 
craft rigid-body motion are sensed by the inertial navigation 
system (INS) and rcnoved from the signal by a oonputer. The remain- 
ing Toppler effects from antenna/INS relative vibration thus limit 
system perfocnanoe. This relative vibration was measured and 
analyzed in terms of the parameters of displaoeraent, velocity, 
acoeleration, and jerk (rate of change of aooeleration). A fre- 
quency analysis identified significant resonances of the antenna. 
A tine analysis obtained the nwter and duration of the times the 
oorrunication systan would be inoperative during flight due to 
excessive vibration. The investigation revealed the potential 
severity of vibration Doppler effects at SHF frequencies, near 
BRHz. These frequency-proportional effects will he greater for 
systems using higher frequencies, and sudi systems nust be designed 
with vibration - induced Doppler effects in mind. 

PmCDUCTICN 

The Air Force Flight Dynamics Laboratory 
has recently been investigating a new vibration 
phenomenon in airborne oomiunication systems — 
the Doppler effects on the signal caused by the 
vibration of the airborne antenna. These 
effects are proportional to the signal fre- 
ouency and are beaming nore ircortant as 
higher frequency bands are used, as in oonnuni- 
cation with airborne oomand posts (1). 

To develop secure, reliable ocmiunication 
for the Advanced Airborne Comnand Post,  the 
Air Faroe Avionics Laboratory has been investi- 
gating the use of si<3er-high-frequency (SHF) 
ojiimnication terminals to oonnunicate between 
aircraft and synchronous satellites(2). At 
these frequencies, near eight gigahertz (GHz), 
Doppler effects from the aircraft notion may 
shift the signal frequency by several kilo- 
hertz. This signal must be accurately followed 
in frequency and phase by the receiver. Tb 
acquire and track the signal, the aircraft 
rigid-body motions are measured hy the inertial 
navigation systan (INS). The resulting Doppler 
shift is determined and the receiver tu»:ng is 
corrected by a computer. The remaining Doppler 
effects due to antenna vibration with respect 
to the INS are thus limiting factors on systan 

performance. Degradation of signed or loss of 
tracking can result from excessive Doppler 
effects due to vibration. 

The vibration-induced Doppler effects were 
expected to be particularly jevere for this 
program because of the new nodulator/danodula- 
tor (modan) to be used. The modem is the key 
oaqponent of the oornunication system. The 
proposed modem was phase-shift keyed and 
designed with tight tracking loops for enhanoed 
performanoe. It was originally designed for a 
ground base in which the vibration enviroment 
could be ignored. For the airborne applica- 
tion, however, the design features which 
improved its performanoe made it far more 
sensitive to aircraft vibration Doppler effect» 

Tb measure these vibration-induced Doppler 
effects, the Fli^it Dynamics Laboratory per- 
formed a flight test program on a testbed 
transport aircraft equipped with an SHF 
terminal oonnunicating wixJi a synchronous 
satellite. This test was part of a program to 
study several aspects of the airborne SHF 
oomiunication system. The other tests are 
being reported separately, and some have been 
published(3). 

Preceding page blank in 
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TOE aMtWICRTICN THMINAL 

The airborne oomunication terminal, shown 
in Fiq.ire 1, is a cargo aircraft with a 
twenty-foot lc«g fibergla. 3 radcne housing the 
SHF antenna. Inside the radone is a 33-inch 
diameter parabolic antenna driven in elevation 
and azinuth hy servoictors to point toward the 
satellite. 

The cortponents of the oomunication 
terminal are shown scharatically in Figure 2. 
The signal received fron the satellite was 
routed through the antenna pedestal to a para- 
metric anplifier and thence JS the receiver/ 
transmitter. The trananittad r-'gnal went 
through a pcwer aiplifier to ti. antenna. A 
ocrputer was used to coimand tht antenna to 
point in the proper direction. Tte oonpute.: 
oonnands were based on the satellite location 
and on the aircraft position derived fron tiß 
inertial navigation system (INS). 

In addition to controlling the pointing 
direction of the antenna, the ooiputer calcula- 
ted the Doppler frequency shift in the 
received signal due to the aircraft velocity 
and ocmanded 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. 

To adequately define the Doppler effects 
on the new modem, four parameters of the 
antenna vibration were needed. The displace- 
ment causes a pliase 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 abrvptness of 
the Etoppler 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. 

Vie Doppler frequency shift for a radio 
signal is approximately 1 Hz per Mrfz per 
aircraft Mach muter in the direction of the 
satellite. For exanple, an 8 GHz signal being 
transmitted from 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 end the 
aircraft velocity produced a maxinun Doppler 
shift of about 5000 Hz. 

Wiile t'ne aircraft velocity produces a 
Doppler frequency shift, the aircraft aooelera- 
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. 
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Figure 1. Airhxame Ccrmunication "terminal. Figure 2. Conponents of Airborne Comunioation 
Terminal. 
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and if the satellite appears just above the 
hcriacn, this aooeleration will pcoduoe a 
Doppler shift rate of about 450 Rz/s. The new 
«ödem had been nodified to track aider a 
maadiiun Dappler shift rate of 500 Hz/s, and 
this steep bank is thus a stringent operating 
oonditicn. Any vUhratory acceleration of the 
antenna Mould add to this Doppler shift rate 
and could cause it to exceed the modem 
operating range. 

with respect to the aircraft. These : 
nents were used in conbination with the antenna 
boresight aooeleration to derive the unoorrec- 
ted Doppler acceleration of the antenna. 

Figure 3. SHF Antenna Instnmented With 
Aoceleronetars. 

Similarly, the new modem has maxinun 
allowable values for the parameters of dis- 
placement, velocity, and jerk of the antenna. 
The risk of loss of signal tracking by the 
modem deluded on the durations of continuous 
excessive Doppler effects, called exoeedances. 
If the signal were lost, the chance of recover- 
ing it was also dependent on these durations. 

FLIGHT TEST PROGRAM 

lb measure the effects of vibration on 
the SHF satellite ccmunication, a flight test 
program was conducted. Figure 3 is a photo- 
graph of the antenna in the radone with the 
flight test acceleraneters attached. Four 
crystal acceleraneters were attached to the 
antenna edge to derive the angular accelera- 
tion in elevation and in azimuth. An 
acceleroneter was positioned near the axis of 
the antenna to measure the antenna "boresight" 
acceleration. This is the acceleration in the 
direction of the satellite. Only acceleration 
in this direction causes Doppler effects an 
the signals. Figure 4 shows the INS instru- 
mented with aocelercmsters to measure in the 
vertical, lateral, and longitudinal directions 

Figure 4. INS and Orthogonal Acceleraneters. 

The antenna pedestal was instnmented with 
five acceleraneters — three orthogonal accel- 
eraneters to measure vertical, lateral, and 
longitudinal accelerations, and two other 
acceleraneters to measure angular accelerations 
in pitch and yaw. The other terminal oanpo- 
nents — the parametric amplifier, the power 
anplifier and ncdem, and the cooling putp — 
vere also instnmented with orthogonally 
RDunted acceleraneters. Ihese sensors were 
used to measure the environmental vibrations of 
all the catpcnents of the ccmunication 
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 connunication system was also 
monitored to determine the signal/noise ratio, 
Doppler shift, and other parameters, in order 
to ccnpare them to the vibration measurements. 

the aocelercmeter signals were aitplif ied 
and recorded by the ccnpact instnment package 
shown in Figure 5. The package included auto- 
matic gain-changing amplifiers and an FM tape 
recorder. This instnment 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 Recording Package Mounted in 
Aircraft. 

In carder to insure reliable cxnnunication, 
the terminal was designed to operate from 
before takeoff until after landing and during 
all phases of flight. "Ihis required consid- 
eration of the operating conditions taxi, take- 
off, climb, cruise, 2g turn (60° bank), pene- 
tration approach (rapid descent with gear down 
and speed brakes extended), descent, and 
landing, ''ten possible, the antenna was point- 
ed at the satellite and the signed strength vras 
measured. Otherwise, the antenna tracked a 
conputer-generated signal and was pointed 
forward, laterally, or vertically. These 
flights '-ere nade from Wright-Patterson Air 
Force Base near Dayton, Ohio. In order to 
measure the antenna responses at high satellite 
elevations, one flight was perfarmed under the 
satellite, '-ihich was above the equator over the 
Pacific Ocean. 

DMA ANALYSIS A»D RESULTS 

Spectral analysis of the Doppler vibration 
test data we.s performed by the schepe shown in 
Figure 6. The analog signals representing the 
difference between the INS and antenna hore- 
sight accelerations were low-pass filtered and 
digitized to obtain data for the calculation of 
narrow-band acceleration spectra. T»iese spec- 

tra were obtained from a digital ooqputer and 
were plotted as tms aooelerations in meters/ 
second2 versus frequency in 1.22 Hz bandwidths; 
they were then oenpared with the maxixun allow- 
able criteria under which the modeni could 
operate. These spectra provided a quick-loolc 
at the overall problem to show possible adverse 
resonances. 

fAXAUKT 
DAT* 

J3U-?/SS  FILTLB 
0-1000 Hz 

4/3 OWVERTL« 

air.IIAL 

?'KOCESSOR 

DIGITAL 
CiMPi'TLR 

FOKTKAS  IV SVST» 

COWTEK 

PLOT-TAPE 
SOFTWARE 

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, find jerk. Ohese 
criteria were provided by the modern contractor. 
TJie jerk, velocity, and displacement criteria 
were converted to equivalent acceleration by 
frequency transforrotions of 1A>, u» and u2 

respectively. The figure shows that the 
displacement and jerk criteria determine the 
operational envelope. Vibrations at frequen- 
cies below about 3.5 Hz are limited by the 
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brakes extended, with the antenna pointing 
laterally. Here the responses were much higher 
than those during 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. 
This was the most severe oondition neasured 
during the tests. Taxi, climb, and nocmal 
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 
responses, a time-history analysis of the 
digital data was performed, as shown on the 
right side of Figure 6. New oaqputer programs 
were developed to determine the statistics of 
the nwters and durations of times during which 
each criterion would be exceeded during a 
particular flight oondition. 

Some 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. Hie 
acceleration used was the difference between 
the antenna and INS. The exoeedanoes are shown 
in terns of the maxinun length of tine the 

Figure 7. Antenna Boresight Minus INS Lateral 
JVcceleration During Cruise (Antenna 
Pointing laterally*. 

displacement criterion; converselv, vibrations 
at higher frequencies eure limited by the jerk 
cr'terion. The jerk criterion was exceeded 
because of a resonance near 35 Hz, and the 
situation became progressively vrorse for higher 
frequencies. Fortunately, it was known from 
laboratory vibration to'sts 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 
Tiere many srall and opposing shifts. The 
result was a degradation of signal strength at 
the received frequency, but this was stall 
oonpared to the rigid-body effects. For this 
reason, the jerk criterion is shewn dashed at 
the higher frequencies. 

Figure 8 shows the antenna boresight 
acceleration during a 2g turn. Due to the 
continuously changing attitude of the antenna 
during this flight condition, the IMS accelera- 
tion was not subtracted frcn the antenna bore- 
sight acceleration. The overall response in 
this flight oondition 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 I*JS lateral acceleration 
during rapid descent with gear dewn and speed 

Figure 8. Antenna Boresight Acceleration 
During 2g Turn. 
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Figure 9. Antenna Boresight Minus INS lateral 
Acceleration During Rapid Descent 
(Antenna Pointijig Laterally). 

criterion vas exceeded versus the proportion of 
total exoeedanoes which were less than this 
value. The roaxinun tine the 5 nv^s2 criterion 
was exceeded during cruise at 4000 feet alti- 
tude vas 0.0014 second, and half the 
exceedanoes were less than 0.0004 second. Ihe 
table shows the fraction of the total flight 
time during which the various criteria were 
exceeded. The 5 nv's2 criterion was exceeded 
13.5% of te time in this flight condition. 
Figure 11 shows the exceedanoes of the antenna 
acceleration during a 2g turn, with the antenna 
tracking the satellite. The inaxiimm exoeedance 
was 0.006 second, and the 5 nv's2 criterion was 
exceeded 24.3% of the tine. Figure 12 shows 
the corresponding exceedanoes 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 maxinun exoeedance was much greater for 
this flight condition, about 0.01 second. The 
5 nv's2 criterion was exceeded 35% of the time, 
indicating a serious degradation of oomunica- 
tion. A oanplete analysis of all flight 
conditions is contained in a limited- 
distribution report(7). 
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Figure 10. Exceedanoes of 5 Vs2 Aoceleration 
Criteria During Cruise (Antenna 
Pointing Laterally). 
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Figure 11. Exceedanoes of 5 m/s2 Acceleration 
Criteria During 2g Turn. 
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four motion paraneters — displaoenent, 
velocity, aooeleratian, and jerk — «as found 
to be a difficult instrumentation problem. The 
solution to this problem in the present program 
was to measure only the aooeleratian and to 
operate on the spectra by functions of the 
frequency to obtain the other paraneters. 

As indicated by the results of this 
program, the vibration-induced Doppler effects 
are substantial in the SW range, near 8 GHz. 
they will be even more severe in the Ka band 
(36 GHz), for which terminals are already under 
developaentCS). niese terminals should be 
designed from the beginning with vibration- 
induoed Doppler effects in mind. 
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FATIGUE DAMAGE EQUIVALENCE OF FIELD AND 

SIMULATED VIBRATIONAL EfJVIRONMENTS 

Daniel D.  Kana.  and Dennia C. Scheint 
Southwest Research Institute 

San Antonio.  Texas 

(U)   A method is developed for comparing the fatigue damage 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 potentia1.   This anal- 
ysis is ba«ed on the use of fatigue life gages.    A mission ratio is de- 
fined for each pair of strain histories no that the degree of simula- 
tion achieved can be expressed in terms of the number of equivalent 
missions experienced.   The technique is applied to OH-58A Heli- 
copter.  M-3"> Truck,  and M-H3 Armored Personnel Carrier vehicle 
environments and their simulations.    It is found that a typical uni- 
axial test simulation provides a rather poor rluplication of the actual 
multi-axial field environments. 

INTRODUCTION 

The development of better laboratory test 
specifications is a continuing goal for the vi- 
brations engineer.   His objective must be to 
simulate a field environment in such a way 
that high probability of in-service failure in a 
typical specimen will result 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 be 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 
geometric and material design of the specimen 
itself, that can influence the actual degree of 
sirrmlation that results.   Unfortunately,  a 
judgement on the degree of simulation achieved 
can be only subjective,  since no practical 
means of direct measurement of vibrational 
equivalence is available. 

It is generally accepted that standard spe- 
cifications for vibrations tests often lead to 

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 heretofore, 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 of the validity of vibration spe- 
cifications.   Therefore, the purpose of this 
study has been to evaluate one particular tech- 
nique which can be used for such a comparison. 
The general approach to the development of 
this technique is as follows: 

Preceding page blank n'i 
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a. Develop an instrumented specimen rap- 
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 tKd are 
designed to simulate the above lield 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 

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 Rrf. 4. 

CONCEPT OF MODEL HARDWARE SPECIMEN 

It was recognised that the technique to be 
developed trust be applicable to coiqpletely ar- 
bitrary items of hardware, sithough 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.   Unfortunately, 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. 
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The MHS it daaigned geometrically to fit 
typical radio equipment mounting panel«. 
Actually, it has the came physical eise a» an 
AN/ARC-US Radio and can be mounted with 
dcua fastener*,   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 fundamental rntdes 
of the various beams.   These frequencies were 
selected from a set of random numbers to in- 
corporate the concept of an arbitrary speci- 
men.   The frequency range was limited to ZOO 
Hs, 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 
spacewise orientation of the beams was also 
selected at random. 

Each beam is instrumented with 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 triaxial 
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'jrs 
which describe the given environment. 

Helicopter flight tests of the MHS 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 panel of an 
OH-?RA helicopter is 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 be seen clearly in Figure 2. 
Acceleration and strain gage signals were 
amplified and recorded on analog tape.   A 
voice signal was also put on the edge track of 
the tape for annotation by the flight crew. 

Two flights 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, dive«, 
etc.   For these initial field tests, only Beams 
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-3S 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 eich 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 «oft 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 triaxial accelerometer was attached to 
the rear of the MHS to record its accelerations. 

Recording of the data was continuous, so 
that this time much of the analog tape editing 
problem was eliminated.   Multiple runs at var- 
ious speeds were conducted over the Munson 
Course.   Thus, the results of these field tests 
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Reproduced from 
best avaibbl« copy. 

Figure 2.    MHS Ingtalled in Pilots Instrument Panel,  OH-58A Helicopter 

incluHerf several analog tapes, each of which in- 
cluded eight strain-time histories, six acceler- 
ations time histories,  and a voice history. 

We now will describe the data acquisition 
procedures associated with the laboratory 
test.   However, it is first appropriate to com- 
ment on the specifications developed for it.   Of 
course, the use of a typical laboratory simula- 
tion was desired.   Therefore,  a uniaxial test 
was selected in which the entire test would be 
conducted along a single axis that was con- 
sidered to be the most severe in terms of its 
likelihood ofproducing  large response.   The 
vertical axis fsee Fig. 1) was selected.   Excita- 
tion along other axes was considered to be ac- 
counted for by cross-coupling in the system. 
Since acceleration time histories were avail- 
able,  the signal along the appropriate axis was 
uaed as the nxritation, and was played directly 
into an equalized electrcdynamic shaker sys- 
tem.   This procedure was considered superior 
to the development of some presumably corre- 
sponding swept sine or random test. 

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 th'»"r respective calibration signals 
were dubbed oi.to 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 blank 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 single tape recorder.   The 
shaker drive signal was the vertical input 
acceleration signal from the triaxial acceler- 
ometer moanted to the vehicle structure.   This 
signal passed through the equalizer filters and 
shaker power amplifier 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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Figure 3.  Uniaxial  I.ab Test Set Up 

In view of the above description, it is ap- 
parent that the Hata acquisition program re- 
sulted in acceleration and strain-time histories 
for both a field and laboratory environment, 
for each of the three environment* 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. 

FATIGUE 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 beam 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 being traversed.   Thus, 
basically 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 
|5-7l can be used to produce an electrical re- 
sistance change which is 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.  6) 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 

HJ.«    Hz 

'; /.-; 

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 to predict fatigue for 
the simpler data through the use of a peak 
counting digital computer scheme, which was 
si.nple 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 by 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 
'ncremental levels of 10 microstrain,  which 
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Figure 5.    Sinewave Calibration Curves for Fatigue Life Gages 
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Figure 6.    Procedure for Fnvlronment Duplication 

then formed the input to the digital computer 
program. The program then summed the re- 
sistance accumulation for each time history. 

The electromechanical computer method 
of fatigue prediction is shown in Figure 7. 

It consists of a device whereby "he recorded 
strain-time history is very nearly duplicated 
in another aluminum beam specimen.   The 
L..?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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Diagram of Electromechanical Fatigue Gage Computer 

which it 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 result.  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 con- 
tend with the more complex method described 
above.   The reason was that the fatigue gages 
have a relatively narrow useful »train 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 
levels of these signals can be adjusted before 
application to the fatigue gages if necessary. 

Finally, we are now in position to define 
a means of obtaining a numerical measure of 
the fatigue damage comparison 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 resulted 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 ran 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 one 
mission sequence.   To continue the example, 
suppose that this resulted in 0.1S 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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MR ^ 
(Lab Cycle« at ISOOuft       460 

(Field Cycles at 1800uO  = 290 
1.84 

Thus, for this exctnple, that beam would have 
experienced an overtest in the lab by the above 
fac'.or.   Obviously,  MR -  1.0 is a perfect 
correspondence and MR < 1   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- 
ment». 

The above scheme for development of a 
mission ratio requires the establishment of 
some equivalent sine-wave experience for a 
given complex time history.   Results were 
obtained for  all three environments investi- 
gated which show that this condition can be 
satisfied in each case. 

OH-58A HELICOPTER ENVIRONMENT 

Results will now be presented 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 nongurfire 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 vised by tl.e pilot. 
These test numbers were retained since they 
rre incorporated into the voice track on the 
analog 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 variations 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 those 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, '.he strain levels 
can be seen to vary considerably with time. 
This strong time dependence was a major 
factor in selecting a laboratory 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 nongrnfire missions 

TABLE I 

NONGUNFIRE MISSION SEQUENCE FOR 
OH-58A HELICOPTER 

Min. Event 

0 Start level flight 
0. J Level off, continue level flight 
2.7 Test 9,  Left turn 90° and continue level flight 
5.1 Teet 11.    Right turn 90° 
5.2 Now turning 
5.3 Continue turning 
5.4 Now level off 
7.0 Teat 13, acceleration to minimum cruising 

•peed 
8.1 Still going Teat 13 
8.2 Cruising at minimum speed 
9.4 Still 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.<) We are now going at maximum speed, close 

to maximum speed 
15.0 Start of gun run 
15.6 Now climbing 
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 Climbing 
20.8 Still climbing 
22.7 At maximum speed 
23.2 Maximum 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 
31.1 Hovering 
32.5 Test 43, hover 
33. 3 End data. 

are shown in F(<ure 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 
paints 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 
5800 uf curve.   As pointed out in an earlier 
section, this result allows establishment of 
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the 1800 uc level a» an equivalent fatigue ex- 
perience for the corresponHing 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 11 for both nongunfire and 
gunfire,  and for both the field aid 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 potential (i.e.,  determining 
electrical resistance change in a fatigue life 
gage).   Part B gives values of resistance 
change that occurred for the indicated beams 
after application of one mission.   In general, 
corresponding value» for field and lab data 
should be fairly near to each other.   All values 
not identified by an asterisk were obtained by 
the digital computer method.   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 good simulation is,  in fact, 
impossible for the uniaxial form of laboratory 
test that was employed.   It should be noted that 
results are not presented for all beams in 
Table 11,   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 also acquired to again establish the vali- 
dity of employing the 1800 MC sine curve as a 
basis for mission ratio prediction, similar to 
the data presented in Figure 9 for the heli- 
ccpter. 

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 II 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 

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 laboratory tests 
are given in Table IV.   ft 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- 
] hasize that although such results may be 
i »ther surprising, they do not detract from 
t ie 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 simulation, 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 U 

RESULTS FOR MODEL HARDWARE SPECIMEN IN 
HELICOPTER VIBRATION ENVIRONMENT 

Run Identification j i Frequency (H») 
'   36.^     j    48.2    |   75.0    j  104.6   j 132.4    | 155.9 

A.    Peak Microatrain and Amplification Factor fo r Analysis 

Nongunfire (Field) 320 
XIO 

390 
X10 

250 300 
XIO 

240       j 210 

Gunfire        (Field) 140 375 300 450 |   880       ! 266 
X12 
  

XIO X10 JX7 !  X4        ; X10 

B.    Resistance Value for One Mission (ohms) 

Nongunfire (Field)          '                j  0.76 
1 

iNongunfire (Lab)             ;  0.53     ;  Low 
!Nongunfire (Field)*           0.16         0.68 0.39 
1 Nongunfire (Lab)*              0.47     1   Low 0.58 

Gunfire        (Field)*        1  0,04        0.73 0.24 0.37 0,43 0,19 
Gunfire        'Lab)'           '■  0,51         0.28 

i 

0.15 0.30 0,20 !  0,63 
1 

Mission Ratio 

■Nongunfire 
Gunfire 0,36 4.9 

Data obtained using electromechanical computer. 

Final data for this environment is presented in 
Table VI,   Careful scrutiny of these data lead 
one to the same comments 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 
orientations) for the model were chofen at 
random,  so that it represents a completely ar- 
bitrary item.   Furthermore, because of the 
simple nature of the beam design, measur,»- 
ment of maximum strains were assured. 

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.   It is apparent that cross-coupling 
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 HI 

DATA ACQUISITION CONDITIONS FOR M-3S TRUCK 

Road Type 

MunsoB Area                -    Courses u«ed for M-35 truck test were «paced 
bump, radial washboard, two-inch washboard 
and belgian block, as well as smooth paved and 
improved gravel between courses. 

MHS MountinR Conditions 

Secure MHS attached to frame with six Dzus fasteners and 
frame rigidly bolted to vehicle. 

'^oose MHS free to move vertically but restrained horizontally. 

Run Number Identification 

I. M-35 truck with 1000-lb payload.  Munson area.  MHS 
secured in forward cargo bed area. 

2. M-35 truck with 1000-lb 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-lb payload,  Munson area,  MHS 
loose in forward cargo bed area. 

5. M-35 truck with 1000-lb payload,  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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Figur« 10.   Average Strain Level Variation 
with Time Run No.  I MHS Secured in 

Forward Cargo Area M- 35 Truck - 
Field Data 

Figure U.    PSD of M-35 Truck on 
Belgian Block 

TABLE IV 
RESULTS FOR M-35 TRUCK 

Run No. 
Frequency (Hi) 

10.6    | 27.2 36.9 48.2 75.9 104.6   1132.4 155.9 

A.    Peak Microatrain 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 X5 

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    fLab) 1050 1250 730 505 865 845 725 

X3 XI X2 X3 X5 X3 XI.34 X1.21 
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TABLE IV   (Contd.) 

Run No. 
Fraquency (He)                                             i 

10.6 1 27,2    j 36.9 ! 48,2    i 75,9    1 104,6   !132,4 ; 155,9   ; 

B.    Resiatance Value* tor One Miasion {ohm«) 

1    (Field) 0.214 0.113 0.279 0.462 0.113 0,010 0.427 0.127 
1    (Lab) 0.085 0.180 0.069 0.041 0.010 0.319 0.010 
1'  (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 
2a (Lab 0.036 0.014 0.010 0.014 0.010 0,197 0,031 
2a'(Field) 0.150 
2a*{Lab) 0.049 

3    (Field) 0.144 0.126 0,510 0,351 0.026 0.010 0,422 0.097 

4    (Field) 0.413 0.080 0.308 0.379 0.928 0.872 0.056 0.032 
4    (Lab) 0.081 0.010 0,010 0.010 0.570 0.150 0.046 
4    (Field) 0.504 0.072 0,263 0.350 0.857 0,803 0.040 0.016 
4* (Lab) o.io-; 0.012 

C.    Mission Ratio 
1 
11 0.272 1.953 0.143 0.033 0.023 178.6 0.004 

2a 0.136 0.009 0.012 0.005 0.002 0.298 0.003 
i2a' 0. 199 

4 0.107 0.037 0.006 0.004 0.500 0.089 0.740 

i4 0.120 0.009 
i      i 

Data obtained using electromechanical computer. 

TABLE  V 
DATA ACQUISITION CONDITIONS FOR M-IIJ ARMORED PERSONNEL CARRIER 

Road Type» 

Paved Three mile itraightaway with banked 
turnaround loop« at each end. 

Cmtti Country No,   ) -     Rough course of native «oil. 

Cro«» Country Cmrse A   -    Hilly croi« country coune. 

Secure 

Cushion 

r- 
•■ it. 

MHS Mounting Conditions 

MHS attached to frame with «lx IVu» fasteners and 
frame rigidly boiled to vehicle. 

MHS resting on thick fosm. 

Run Number Identification 

Mill tracked vehicle,  paved road.  4 to 36 mph in 2 mph 
increments.   MHS secured aft end of right sponson. 

Repeat of Run No. 6, 

Ml 13 (racked vehicle,  cross country course No.   3, normal 
speeds.   MHS secured aft end of right sponson. 

Ml 13 tracked vehicle,  paved road 4-36 mph in 2 mph 
increments,   MHS cushioned aft end of right sponson, 

MI13 tracked vehicle,  paved road,  acceleration to max, 
speed.   MHS secured aft end of right sponson. 

Min tracked vehicle,   cross country course A.  normal 
speeds.  MHS secured aft end of right sponson. 

\M 
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TABLE VI 

RESULTS FOR M-113 ARMORED PERSONNEL CARRIER 

RUB NO. 
Fr«qu«ncy (Hi) 

10.6 | Z7.2 [ }6.«» | 4g.Z | 7S.9 | 104.6 | 132.4 | 115.9 

A.    Peak Microctrain and Amplification Factor for Analyata 

6    (Field) 2ZS 705 1330 1450 1850 3700 2660 
6    (Lab) 165 725 1250 1530 1410 2100 1050 

X10 X5 XJ X2 X2 XI XI 

B   (Field) 650 805 930 425 625 
S   (Lab) 610 865 1130 665 405 

X5 X5 X3 X5 X5 

9    (Field) 1290 585 505 245 Low Low 245 
XJ X7 X7 X10 X10 

11 (Field) 370 410 1010 1170 1570 1490 
X10 X10 X4 X3 X2 XJ 

B. Reaittance Value« for One Miaaior (ohm*) 

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 

8    (Field) 0.039 0.471 0.09'> 0.025 0.702 
S    (Lab) 0.211 0.714 0.296 0.56« 0.069 

9    (Field) 0.1 J5 0. 126 0.119 0.074 0.042 

'll (Field) 
  

0.067 0.427 0. 366 0.785 1.168 1.696 

c. Minion Ratio 

\h 0.361 0.715 0.888 2.845 0.036 0.252 Low 

:9 

I — 
11.61 I. 768 4. 58Z 88.71 0.042 
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AN EVALUATION OF SHOCK RESPONSE TECHNIQUES 
FOR A SHIPBOARD GAS TURBINE 

J.R. Nanceau 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 modeling.  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 [l].  As rela- 
tively light weight power sources, 
large gas turbines can be particularly 
sensitive to shock if improperly 
designed.  Primary potential problem 
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, produces 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 ?pplied to a shipboard gas 

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 
addc-^ 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 constant 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 sunma- 
tion of modal contributions can be 
applied in design with complete confi- 
dence that the transient response for 
the same model will be less. 

Preceding page blank I Ci 
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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 transient response 
method of analysis is preformed. 

The precise degree of detail re- 
quired in a model is difficult to estab- 
lish.  If the lower natural frequencies 
of the system contain bending in a 
rotor, and if the rotor is represented 
as a rigid 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 ba 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 wh'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 figures. 
The  404 lb power turbine, 470 lb gas 
generator and 3785 lb case are coaxial 
and interconnected by linear radial 
springs i^presenting the bearing stiff- 
nesses.  Thrust bearings at the conpres- 
sor end of the gas generator and at the 
turbine end of the power turbine are 
modeled by 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 lb substructure at the proper 
locations to provide a statically deter- 
minant 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 leads.  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.  Tlie 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 each 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 FSP design 
shock spectrum [l]   Hie 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.  "Kie 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 included 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 
nodal contributions; (1) the direct 
summation of modal contributions, (2) 
the root summation square approach, (3) 
the first modified root sunnation 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 
[5]. 

PRESENTATION OF RESULTS 

Shown in Table I are various flex- 
ible rotor accexerations, 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 of 
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 e.g. for the two 
models and Figure 6 shows a comparison 
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VBRTXCALftr) 

AXIAL (A) 

TRMISVBItSB (T) 

PIKST PONBR 1URBIBB 
(V and T SPRING) 

PONBR TURBIKB 
(V and T SPRING) 

BRD(FRONT) 

THIRD PONBR 
TURBINE BEARING 
(V,T,ai)d A SPRING) 

BOT BID (REAR) 

PONBR TORBINB 

GAS (aSBRATOR 

BOTTOM MOUNT 
. 1) 

GENERATOR 
COMPRESSOR BEARING 

•nd A SPRING) 
GEARBOX 

REAR END OF FLEX 
BAR(SEE FIG. 1) 

REAR BOTTOM MOUNT 
AND FORWARD END 
OF FLEX BAR (SEE FIG. 1) 
GAS GENERATOR 
TURBINE BEARING 
(V and T SPRING) 

NOTE i VfT and A REFER TO THE COORDINATE DIRECTIONS 

Fig. 2 - A ichamatic of the concentric beam portion 
of the large gas turbine engine model 
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TABLE I 

SELECTED MAXIMUM RESPONSES OF THE FLEXIBLE 
ROTOR SYSTEM BY THE TRANSIENT RESPONSE METHOD 

AND CORRESPONDING PERCENT ERROR OF VHE 
SHOCK SPECTRUM METHODS 

Location 

Transient Shock Spect rum % Errors 
Response 

Modified 
Root 

I Square I 

Modified 
Root 1 

Square II 
RootZ 
Square 

Z Of Model 
Contributions 

Time 
(sec) Value 

Accelerations (g's) 

Gearbox 0.009 62.4 -3.8 +3.4 -23.9 +8.7 

Engine e.g. 0.027 62.5 +1.4 +5.6 -12.6 +10.2 

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 

Engine e.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 
2nd Compressor 0.011 0,707 +0.3 +1.7 -10.9 +2.3 

Bearing Loads (lbs) 

Power Turbine Brqs 

0.08 49.153 +0.1 +1.9 -29.2 +2.5 1st 

2nd 0.08 76,678 0.0 +2.2 -29.2 +2.fi 

3rd 0.08 301,267 +0.9 +3.6 -27.7 +5.2 

Gas Generator Brqa 

0.009 7,537 -1.4 +8.5 -22.3 +17,4 Compressor 

Turbine 0.148 29,453 -5.5 +4.1 -26.0 +11.9 

Vertical Mount Loads (lbs) 

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 %  Erre r -1.9 +3.4 -21.3 + 6.4 

Standard Deviation of This Selectio n  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 0.010 -62. i 

Bigine e.g. on Case 0.027 62.5 0.027 66.0 

Substructure 0.011 -58.7 0.011 -58.7 
Gas Generator Turbine 
Bearing 0.010 -75.3 0.010 -78.9 

Deflections Gearbox 0.010 0.616 0.010 0.616 
Engine e.g. on Case 0.011 0.670 0.011 0.673 
Substructure 0.011 0.624 0.011 0.626 

Gas Generator Turbine 
Bearing 0.011 0.707 0.011 0.718 

Bearing Loads Power Turbine Bearings 

1st 0.08 49,153 0.008 2,238 
2nd 0.08 76,678 0.008 5,430 
3rd 0.08 301,267 0.008 164,895* 
Gas Generator Bearinas 

Compressor 0.009 7,537 0.009 10,124* 
Turbine 0.148 29,453 0.146 23,713* 

Ver'.ical Mount 
Lof.ds 

Forward Mount 

Rear Mount 

0.009 

0.096 

127,530 

165,860 

0.009 

0.092 

129,142 

-116,943* 

«Relative maximum occurred at approximately the same time as the flexible rotor 
model. 
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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. 
Hie symbols on the plot are located to 
indicate the time at which tip nib will 
occur for the indicated rotor stage. 

DISCUSSIOM 

Hie 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- 
sponse of the degrees of freedom in 
question.  If this is a problem, and use 
a'  tve transient response technique is 
essential, modal weighting factors can 
be used.  Variations between these two 
shock soectrum 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 initial 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 

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 sommation 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 sunuation 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.  It 
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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SYMBOL 
CLEARANCE 
LOCATION 

CLEARANCE 
(IN.) 

TIME 
AT RUB(SBC.) 

▲ POWER 
TURBINE 

.030 .00608 

o GAS GEN. 
1st COMP. .025 .0074 

0 GAS GEN. 
2nd COMP. .025 .00693 

• 
GAS GEN. 
TURBINE .025 •00667 

0 

NOTE: 

.01      ,   4 .02 
TIME (SEC) 

FLEXIBLE ROTOR MODEL 

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 agreeuent 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 
e.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 ia not expected to curtail propei 
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 ir. load even after rub since 
the rub location is sufficiently remote 
that it will not 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 rubbing loads will be relieved 
by rub at the two compressors and the 
turbine. 
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APPENDIX 

ANALYTICAL METHOD 

Consider the system: 

where yA is the absolute displacement 
of the mass, n. yg is the displacement 
of the base, yp is the displacement of 
the mass, m, relative to the base and k 
is the stiffness.  The corresponding 
equation of motion is: 

my. kyR= 0 

where. 

^A = y'a + ^R and W = —^ at 

so that. 

«VR *  kyR -"Vp 

Extending this to a system of equations 
for a multi-degree of freedom system on 
a common base gives: 

M UV,+ W!yRi= -HIV; 'B< (1) 

The matrix |y ( is populated for only 
those unknown displaceirents and/or 
rotations for which the base motion is 
specified.  Introducing the modal trans- 
formation. 

!yR! = l*]\v\ (2) 

whr're [^i] are the eigenvectors of the 
system and jij are the modal coordinates, 
the equations of motion may be uncoupled 
by substituting Equation (2) into Equa- 
tion (1) and premultiplying by [<^] 
giving: 

[tfMWVWfMW^ -[*]T[m] jyBi. 

The quantities   [«/"J7    [m][i>>]and [*]T [k][^] 
give  the diagonal modal mass  and modal 
stiffness  matrices,    [fi]     and      [K]     , 
resulting in  an uncoupled  system of 
equations: 

[Mj     |*?i+      [K] !i|   = -W    HIVB'.   (3) 

As a result, the original coupled equa- 
tions excited byjy | and as shown in 

Equation (1), have been transfomed to 
uncoupled equations excited byjyg}.  The 
transient response solution is obtained 
in closed form by describing jyBl analyt- 
ically and solving the resulting linear 
second order differential equations. 
The resulting values of )i;|.  j^j  and{T;| 
can be transferred back to jyRJ. jyRJ 
and {VR| with the application of Equa- 
tion (2). 

The  shock spectrum solution is 
obtained by rewriting Equation (3) as: 

M W*   M {"h -[*]T M m yB    «4» 
where y'g is a sealer and j/Sjis composed 
of ones for those degrees of freedom 
contributing to motion in the direction 
of yB and zeros for the others. 

Equation (4) may be written to give 

M W If-l vE 
(5) 

where. 

|P|=    -[*]T  [m]   \ß\ 

The absolute values of the re- 
sponses of f-^J, {^|, and m\  are obtained 
by solving the equation: 

M ISi *  M js| = j-yBl 

for  jlSIf, ||SI| and j ISI |.  Itiese may 
be obtained from shock spectrum data. 
This is particularly useful when yn is 
not analytically defined as with the 
FSP.  The absolute amplitude of the 
modal coordinate is given by: 

A modified version of Equation (2) may 
now be used to transform back to an 
appro^ir.'* ion 

(W 
!iyRit: 

i 
J=IJ ♦ijPjl (6) 

where 1  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 y^.  It is always conservative since 
all modal contributions are considered 
to be in phase.  Another method has been 
used where: 

'VRi' = vU^ (^ hü'2    {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 conmonly used approach is 
in which: 

(Vpi' Ri' _ (*. iPJl 

'  z (*3h:ii (♦il \v 3 l 
ir (a) 

Ihic 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 modivied 
root summation square approach.  j»j.other 
method which is slightly more conserva- 
tive can be expressed as: 

(^,^1ax=
(^^l,maX*

l*^N, semi- 
max 

- «hW (9) 
senu-max 

Here, the two largest modal contribu- 
tions are added to the square root of 
the sum of the squares of all the other 

modal contributions, ihiscanbe called 
the second modified root suwBation square 
approach.  The logic ot this approach 
is based on the expectation that in a 
reasonable amount of tine, the first 
two modal contributions will be in 
phase. At that sane 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 

!M = Mlyi (10) 

where \ L ( are the desired quantities 
and [B]   is the appropriate (stiffness) 
transfer matrix.  The values of )y( 
that are used must be at the same 
instant of time which is not the case 
for the results of the shock spectrum 
approach. Therztore,   the transforma- 
tion to obtain |L | must be performed 
with the modal coordinates.  A new modal 
transformation matrix is found to be 

[*] = m*) 

and the new modal transformation matrix 
[$] is used in place of [4] in Equations 
(6)   through   (9). 

DISCUSSION 

Mr. 0'He«rne: fMartln Marlett« Corp.)  In a case 
like this ny overall conclusion would be to do 
the transient analysis, it is not that bit; a 
deal, and you have nothing to wonder about 
except your modeling. 

Mr. Manceau:  That la basically right, there 
are some advantages to the shock spectrum 
analysis.  First it      computer time, second 
it is usually a little easier so there is a 
little less opportunity for error, and third 
we baaed our excitation on the recomnended 
design shock spectrum even though there are 
some questions on its validity,  it is fairly 
conservative, and so with that In mind the 
question Is do we need to use as sophisticated 
a method as a complete transient response 
solution?  In general, I have to agree with 
your comnent and I don't think there is any 
real answer at this time. 

Mr. Shell: (NHL)  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 I believe, that the first means of 
sunning the modes, that is the first modified 

modal sunmatlon method, includes the largest 
response plus the square root of the sum of 
the squares of all of the other modes. 
However you reconmend that on Che 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. Manceau:  The frequencies are comnonly such 
that In a reasonable amount of time both will be 
going through one period so there is a very 
high probability that they will be In phase; 
beyond that that method Is more conservative than 
what I called the first modified method. 

Mr. Butzel:(Boeing Company)  If 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 is approximately 
in the ratio of 2 to 1.4 compared to sumnlng 
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 aauares method 
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place* every node 90 degree out of phase with 
every other node and In doing that you will 
obtain a lower result. 
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THE DEVELOPMENT OF A WATER PARTICLE VELOCITY METER 

John I). Cordon 

Natal Ship Research and Dnciopmrnl Cenler. 
L'ndrrwaler Explosions Research Division 

Portsmouth. Virginia 

\ method of making a direct measurement of the water particle veloiily due to the shock 
wave of an underwater explosion is discussed in the paper.   Measurements of water par- 
ticle telodlv produced by shock waves from tapered and compact charges are compared 
with compulations of velocity based on pressure measurements.   It is shown that the inde- 
pendent measurement of water particle veiocily provides a check on the calibration of the 
piezoelectric gages used to measure pressure.   Uses of the water particle velocity meter in 
applications where compulations of particle veiocily are unreliable are also discussed. 

INTRODUCTION 

The design of marine structures which are resistant 
to the shock of underwater explosions is facililaled when 
accurate computations of the response of the structures 
lo underwater shock loading can be made    To verify a 
slmclural analysis technique or provide information neces- 
sary for the further developmenl of the technique, ex- 
periments must be performed in which both the loading 
and struclutai response are measured    Water panicle 
velocil» as well as shock wave pressure is part of the 
spi'cification of underwater shock wave loading.   When 
the form of the wave propagation iplane, spherical, etc.» 
is not known or reflections are involved, the relationship 
between vector panicle velocity and scalar pressure is not 
known well enough to determine the panicle velocity 
loading from the pressure measurements alone.   Under 
these conditions a direct measurement of particle veloc- 
ity should be made lo determine the panicle veiocily 
loading 

In September 1973 Ihr Naval Ship Research and 
Developmenl Center (NSRDCi conducted experiments in 
the Chesapeake Bay in support of the analytical predict- 
ions of shock response of submersibles being carried oul 
by conlraclors of the Slmclural Mechanics Program of 
the Office of Naval Research (ONRi under the DNA 
ONR NAVSEA Shock Hardening Program.   The objective 
of the experiments was to determine the loading and re- 
sponse of a small scale submarine model subjected lo the 
shock wave of an elongated charge consisting of a series 
of Imncaled cones (tapered charge)     Because the re- 
lationship between water pressure and water particle ve- 
locity for tailored charge shock waves is not exactly 

known, the requirement was established by ONR cun- 
liaclors thai the loading be determined by free field 
measurements of both pressure and particle velocity.    The 
unavailability of a suitable water particle veiocily meter 
previous hi this application necessitated the use of a 
particle velocity meter developed at NSRDC especially for 
this project. 

OBJECTIVl 

The purpose of this paper is to give the character- 
istics of the water particle veiocily meler recently de- 
veloped at NSRDC and lo demonstrate its effectiveness in 
measuring the particle velocity of shock w^ves resulting 
from Ihc underwater explosion of c impact and tapered 
charges. 

APPROACH 

The velocity meler normally used by NSRDC In 
measure slmclural velocity transients provides the basis 
for the water patllcle velocity meler design.   This 
slmclural velocity meler cunsists of a coll wound lube 
with a spring mounted bar magnet inside.   The slmclural 
veiocily meicr Is adapted for use as a water particle ve- 
locity meter by sealing the lube with approprialely de- 
signed end caps and selsmicalh mourning the resulting 
cylinder In the desired orlcnlallon underwater    When Ihe 
cylinder Is made neutrally huoyanl.it moves with Ihe 
surrounding water and a voltage proportional lo Ihe 
longitudinal relative velocltv bclween the water and Ihe 
magnel Is pro>ided as Ihe output 

IM 

■titfaiäiHl WttOHttattM limMiiiinit- mm• ""-'"*■"•■"■■■ - - -     ■   ■ ^MUMHWU 



II.II.W—WWillll   II 11' " ' 

THE WATER PARTICLE VELOCITY METER 

Fig. I b a «rhcnulic of the particle vciocily meter 
developed «t NSRUC.   The cylindrical toil form B 
wound with two electrical cuib connected iii series op- 
position.   The inertial reference is provided by a bar mag- 
net aligned with the »\» of the tube by means of 
helical springs.   These springs join the ends of the mag- 
net to a longitudinal brass bar atuched to the inside sur- 
face of the tube.   Aluminum end caps ate provided to 
seal the ends of the lute and restrain the total longitu- 
dinal travel distance of the magnet to I inch.   Each end 
cap has 3 pad eyes which provide points of suspension 
for seismically mounting the particle velocity meter.   A 
small lead 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 are provided to adjust the 
buoyance of the particle velocity meter.   They abo tend 
to balance the bras» bar.   The lead masses are varied un- 
til the weight of the particle velocity meter in sea water 
is equal to the weight of the magnet in air.   When this 
requirement P met. the particle velocity meter cylinder 
exclusive of the magnet is neutrally buoyant and will 
move with the surrounding water. 

LEAD MASS 

END CAP 

MAGNET 

BRASS BAR 

154" DIAMETER 
4" LENGTH 

fig. I - Water Particle Velocity Meter 

The voltage sensitivity of the meter to longitudinal 
relative velocity between the coil form and magnet varies 
slightly with magnet position and is determined experi- 
mentally in air.   Fig. 2 is a plot of the ratio of the 
sensitivity to 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 o Under 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 horuiontal 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 buoyant 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 stale sinusoidal frequency response of the 
particle velocity meler in water has been investigated 
theoretically by considering the longitudinal envelopment 
of the meler by a plane free water pressure wave ignor- 
ing shock wave-structure interaction.   The calculated 
ratio of the meter indicated velocity to the particle veloc- 
ity at the coordinates occupied by the center of the meler 
meter is given versus frequency in Fig. S.   Frequencies 
at which the input is faithfully reproduced lie between 
the low frequency resonance due ti> the magnel seismic 
system and the high frequency cut off determined by the 
meter length.   Fig. S gives high frequency characlerislics 
which are optimistic because the shock wave-slmctuie 
interaction ignored in the calculation tends to reduce the 
high frequency cut off frequency.   The well known 
characteristics of the magnet spring mass system permit 
the low frequency resonance to be removed through 
seismic correction.   However, high frequency extension uf 
the meter response can be done with confidence only by 
a redesign uf the meter using a shorter cylinder length. 
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Fig. 4 - Horizontal and Vertical Meters 
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Nominal parlick* velocity meter sprulkalions arc 
given in Table i 

TAbLF  I 
Particle Vclocilv Meter Specifications 

Sensitiv it y .15 mv ft sec 

Ma\   Magnet Displ icement 1 inch 

Magnet Seismic Frt quency 7 Hi 

Length 4 imhes 

Diameter 1 2S inches 

Total Mass M gm 

Magnet Mass 14 gm 

RrstsSance 20 ohms 

Capacitance »50 pfd 

Inductance 1 5 mh 

MTASLREMtNTS OF PARTICLE VILtKITV 

The particle velocity and com-.i >   j; ig pressure in 
underwater shock wave» produced by the explosion of 
compact and tapered charges have been measured using 
the NSKIK   particle velocity meter and a commercial 
tourmaline pressure gage     A computation of |)arlicle 

velocity from measured pressure assuming a spherical wave 
has been made fur comparison with the measured particle 
velocity.   Fig  6 is the shuck 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 partklc velocity and pressure meas- 
urements.    Because the particle velocity measurement is 
made using an untested meter, the good agreement seen 
in 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 fir 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 horizontal particle velocity are 
given in Fig. 8.   The comparison of the horizontal par- 
tick- 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. H provides a measurement of the vertical 
kick off velocity of water particles at the arrival of the 
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irflecliun from the uirface.   In general * water panicle 
veiodly vector is the resultant of incident and reflected 
waves from different directions.   When reflections are 
involved, obuining particle velocity from scalar pressure 
measurements by computation invokes so many question- 

able assumptions thai results cannot be considered re- 
liable.   As seen in Fig. 8, particle velocity meters allow 
the components of particle velocity to be measured di- 
rectly and the resultant loading on underwater structures 
determined after reflections have occurred. 
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Fig. 6 • Pressure and Particle Velocity, Compact Charge 
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Fig. 8 • Particle Vebcily. Tapered Charge 

DISCUSSION 

The experimental data from the water particle ve- 
lucity meter shows that the approach taken in the design 
of the meters is sitisfactory so long as the anticipated 
pressure is not high enough to damage the meter and 
frequency response requirements are not too severe.   The 
data inrfirates that the rise lime of the meter output to 
a plane step pressure wave is about 1.5 times the longitu- 
dinal transit lime.    For the meter discussed, this rise 
time is about .1 msec a:id 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 prevsurc gage sensitivities under 
shock conditions.    Pressure gages .uv usually calibr.iud 

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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