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KEYNOTE TALK

THE DYNAMIC CENTURY

D. Zonars

Air Force Flight Dynamics Laboratory
Uright-Patterson Air Force Base, Ohio

Webster refers to the word dynamic,
derived from the Greek word d s, 45 an
adjective chsracterizing a number of environ-
masntsl aspects which affect our lives. In
physics, 1: pértains to power or physical
forces producing motion. Similarly, it csa
pertain to change of process as a manifoestation
of energy. 1In econoaics, it has to dc with
the disturbance of economic equilidrium force,
and is independent of vhether such change has
‘occurred by the sudden introduction of excep-
tional conditions or through prngrsssive change
in the standards and hadits of people. Ir the
fine arts, dynamics involves the effect of
motion or progreseion. In medicine; it per-
tains to cell changes, physicsl make-up, the
nind and associated thinking. In music, it
-avolwes sound veriation and comtrasts in loud-
sige Or power in tones.

The aforemestionsd disciplines or areas of
personal iavolvement, to mention s frw, are
fadeed wadergoing dynamic change. As humens
we are deosply ismeroed in this dynamic environ-
aent. The sarly morning alarm is perhaps the
most fundsmemtal of acoustic excitations, for
not only does it provide for a kind of swakeén-
ing, but it also slerts us to an enviromment
that 19 continually changing. Environmental
chasge 1s certainly, snd for the most part, a
nenifestation of peopls attewpting to achieve
some goal. Py mecesoity, chis involwes the
expenditure of power or energy to achieve
such an end.

- The satiomrids uarest on our campuses is
certaialy s dyyemic situation. The mere
mention of youth and campus umrest brings to
mind educstion, learning snd the ultimate
utilixation of such knowlsdge. Knowledge
trassforms the uskeowm into the umcertain.
Nowever, fear dwells within the uocertsin asd,
hance, we ars drives to identify recognizable

factors and uncover the shroud of uncertainty.
The engineer and scientist have slways been an
inquisitive, searching and progressive type of
individual. His goals are to solve problems,
generate a technical base for new developaents
and to create. Creativity is itself very
illusive and difficult to develop. Creativity
sometimes results from an interdisciplinary
approach such as experienced from vhe inter-
section of two different technical places.
Such an intevdisciplinary approach requires a
communication network which is unfailing in
providing the proper assumptions, facts and
understanding. The germination of such
creativity results in continual exchange of
information, development of ideas and, finally,
the ewergence of a "spike” in the dynamic
spectrum which exemplifies the created.

The technical stature of this country is
a tribute to the scientist and engineer in his
loyal and aggressiv: desire to create a better
civilization. We are but 702 of the way
through this dynamic century and, already,
many advances have taken place which from an
equivalent standpoint have taken thousands of
years to achieve in the past. Who would have
thought in the year 1920 that flight would
have occurred in 19037 Isn't it ironic that
Wilbur Wright, in conjunction with his brother
and after verw successful glider flights st
Kitty Rawk in 1901, declared his belief that
=an would not fly within a thousand years. And
yet, in a shkort 66 years, or the equivalent of
less than the averaze man's lifetime, ve have
landed on the moon. Magnificent achievements
such as these can only result from a commit-
ment to achieve a certain goal through the
unique resourcefulness contained within san.
More specifically, this success must be
characterized by man's intellectual xcsources
and his highly geared motivation to succeed.
Nearly all of our technology gains an! forvard
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steps have been the result of sclentific
brainpower and tne always necded financial
support. Having made man knowledgeable and
properly outfitted him with material resources,
he sets out to accomplish the seemingly
jmpossible. Many times he reverts to increased
power and energy techniques., This power
expenditure {s, by thermodynamic laws, not

1007 efficient, and coupled with population
increase, {t results in a number of talked
about phenomena such as air, noise, and water
pollution. Looking at the manifestationus of
energy, one can certainly think of it as a
forcing function. JTemediately, the sclentist
and engineer cannot help but relate to response
characteristics. As a result, we are experi-
encing many dynamic phenomena during this
century which are of primary importance.
Increasing requirements of our military and
commerical aviation over the past 20 years

has necessitated the development of larger air-
craft. Hence, greater snd more powerful i
engines have “en required to propel such air-~
craft to transonic and even supersonic speeds.
Cousequently, noisc pollution is becoming a
thorn in th> world's side. This problem has
been evolving for many years with only a very
limited amount of research to complement the
technical develcpments.

Over and above being an amnnoyance to our
senses, intense noise has degraded the
structural-material properties of our flight
velilcles with numerous and extensive failures.
In the area of structural dynamics, we find
fracture mechanics looming as a spectrum
* spike” for investigation. This area takes on
addea complexity when one considers the vaibra~
tery and shock aspects imposed upon an’
arbitrary structure. In another area, the
dynamics of airflow systems as experienced iu
inlet-engine compatibility has reflected
acdversely vpon the fl.:ht characteristics of
some of our aircraft. In the past, iunlet
steady-cstate distorticn resulting from both
external and internal flow condirions has been
ons of the primary causes of propulsicn

instability. However, with the advent of super-

scnic flight, the unsteady nature of inlet
lows has had a profound effect ia reducing
the engine operational stability rmargin and
consegqueatly causing compressor stalis. The
prizary source of thése inlet flow pulsations
or fluctuations has been identified as shock~
boundary layer interactions and airflow
separations. These fluctuations are generally
rander in both time <nd space anG are often
referred to as "turbusence”. "Turbulence"
exhibits a large range of amplitude-frequency
content. Future couplings between inlet and
enzines zust account fcr the dynanic or the
time dependant characteristics of the ducted
flew. Another prohlen area inveives the
flizht of aircraft and missiles in the tran-
sonic flight regime. Today we are at the
developrment threshold of new air superiority
fighters, new coxmercial alrcraft which will
cruise at slightly above the speed of sound.

Here again, shouk boundary laper interactions

and flow separation are considercc to be the
driving potentfal for excitatfon of the flight
structuré., Present day aircraft can experience
buffeting in this speed regime while flying in
the cruise attitude. Increasing the angle-of-~
attack normally increases the buffet intensity.
With further ircreases in angle-of-attack, we
normally experience flight control instabilities
such a3 wing rock, pitch up or pitch down. The
combinations ol buffet excitation and loss of
stability and control can result in very severe
vibration bordering on aircraft destruction.
Such conditions require an interdisciplinary
treatment of the problem with due consideration
for vehicle dynamics, structures, aerodynamics,
stability .nd control, and propulz’ve influ-
exces. One can go on and on enumerating aerc—
nautical phenomens involving a dynamic environ-
ment, however, time is of an essence.

Vibration and shock engineers and
scientists have always recognized that aost
phenomena in nature are dynamic, and that a
dynamfc approach, while difficult and some-
times burdensome, is the best way to uanravel
the complexity of the enviromment which affects
all vehicles. A recent Air Force progras,
referred to as Project LAMS (Load 2lleviation
and Modal Suppreéssion), has brought into focus
the possibility of controlling the flight
vehicle structure auch that ic automatically
react$ to disturbances or gusts in the envirsn~
mert. This prograr makes use of accelerometers
loca.ed at strategic points on the airplane
wing to sense gust disturhances which ia turn ~
activate a circult that causes 2 control
surface to immediately defliect in the direction
of strongly damping the motfon, In a practical
sense, this elioinates the dynamic stresses in
the structure due to sudder aécelerations. The
effect of such a system in inproving ihe
fotigue 1ife, ride guality, and ccntvolling the
flutler modes of the aircraft {s impedfately
apparent. By necessity such a systen is
conposed of sunsers, electrenic circules,
control surfazes 4nd actuaturs and must be
pericetly reliablo.  To push the rellability
of this overall systet (o the logiy peak that
is rejuired, redoadancy {5 inveked v design.
This redundancy i« effegtive ontly i agl-
functfons in the reiupdant arss of tne system
are unsorrelated, but vibratien and ghowck can
affect the whole aircraft ond nay provide
highly correlated excitations that tend to
degrade sinultanecusly all the redunda @ asms,

Other environments that wmay do this are ionizing

rad’ation and lightoning but vibration and noise
are perhaps the Most pervazive and continuous,
and hicnce, most- important to guard against.
Thus, the problen of operational velfability
becormes as extensive as tne deggee of design
redundancy.

Thirty percent or this dysauic century
still remains and 1t §s my personal conviction
that we will continue to wmake rechnologicai
progress by leaps and bounds even with
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constrained resources and support. A number
of new chaiienges face us which wiil spur
scientists and engineers on to greater heights.
The azrec of coaporites as a new structural
material will provide a new dimension for our
future flight vehicles. As much as 50%
vehicle structuril weight savings will be
possible and still have a greater fatigue
tolerant article. 1In &dditicn, the anisotronic
properties will afford new approaches to
increased vehicle performance througli aero-
elasticity. Lifcing reentry will someday
become 2 way of life with its attendant cross-
range capability. Boost glide transportation
with partial centrifugal lift could possibly
become a mode of international travel. Hyver-
sonic cruise vehicles could also play an
important rcle in transportation and at the
same time contribute to a very low sonic boonm.
Film cooling techniques of our turbine blades
in advanced propulsion engines will play an
important role in providing added thrust and
increased thermal efficiency. Pre-cooled inlet
airflow systems could become an advanced
nropulsive concept which would increase the
magss fiow due to incressed density and also
afford the opportunity for increased after-
burner operation. Air cushion landing systems
are a strong possibility. While the dlowing
characteristics of the on-board <ompressor
system for this device is used for landing and
take~off requirements, the suction capability
of thke same compressor system could be
utilized for lauinar flow control of the afr~
craft turbulent boundary layer during criise
flight. In addfition, supersonic compre .o _
and supersonic turbine developments are
definitely on the horizon. Although many of
these devices may not come to full fruition
during this century, I'm quitc certain that
adequate rzrearch and development will be
accomplished to enable system development.

Designs for the development of ocean,
geround, continuum flight and space vehicle
of unprecedented size, wright, ~ophistication
2nd perforamance are being conceived for vehicle
developnent in the remaining portion of this
century. The rapid NASA, Army, Navy, and Air
¥orce advances made over the past 30 years has
brought iato clear focus the need for extensive
component and integral experinental treatment
of the fundamentals involving shock aud vibra-
tion. The purpose of this symposium is to
survey a number of the more important aspects
relating to these phenomena and thereby pro-
vide the underlying basic sciences invelved.
This research and development must remzin a
viable pfogram within our country in order
to maintain our technical superiority ia all
fields. As in the past, dynamic problcms will
arise and require vour diligent and uncompro-
mising attention through existing and new
testing and simulation techniques. The
importance of effective vibration and shock
engineering is thus very apparent. 1 have a
strong conviction that you ladies and gentlezen
in the futurc may well cortrol even more than
now, the pacing elenment in design progress and

problem solution.
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PHYSIOLOGICAL EFFECTS
TESTING AND MODELING S

HDIHG

HAW'S PESPCNSE TO IMPACT

Jogseph Gesswsin ani Pawl Corrao, M.D.
- Naval Ship Pesearch and Development Cenier

Washington, o.0.

- Volunteers were dropped from heignts of two to nine
inches to land stiff-legped onto & rigid force puge.

A linear relationship was found to exist between the
logarithms of the peak force developed and <he kinetic
tical mcuel was then davelo
B oped to reproduce this relationship and to adhere to
the general shape of subjeci’s Iorce-iimc response,

- =nergy at impact,

A matheme,

THTRODVUCTION

Ship shock caused by unijerwater expiosions
results in violent deck motions which lead fo a
{cree buildup in the body of anyone-on the decxs.
Injury to stending men will ocowr when the force
exceeds the fracture strengih of leg bones. Juss
how this foree develops ir the body in response
to impact seems to have beex neglected and ye:
knowledge of body response-is equally as irport-
ant to protection design ac i{s a corresponding
¥nowledge of input deck moticns and ‘he proper-
ties of protective raterials. All three units
constitute & system in which each compoment must
be understocd before overall response zan be
elfectively tredisted.

This paper covers the measurement of foree
sroath whén three voluntesrs were dropped from
varicus heizhts to land stiff-legged onto a foree
gace. A mathematieal model was then developed
which would reflect the force response of the
yoluntesrs and yet be responsive to more rereral
acceleration typical of ship decks., Asa =zsult
cf _tzis invesiization, injwy prediction can now
ve mde based upon a &irect camparison betwesn
Zorae develcpes in the hwrun dody and Sorce re-
quirsd to csuse bome Iracture.

TEST FETHOD

.;

<

2

tie H

testing. bosause it reguired weasurement of a

varisbie inpui ercelerziicn. which complicated
analysis, and. in addizicn. tatapulted subjests
inic the air, an undes

These buraens uwerve zvoisded by simply irop-

H

ing sublects Jrom a known heizgh® onto a force
gawe, 2y o dcing, each subject would experi-
ende the sare impact conditions, that is, im-
pect at & given veloeity with a rigid swrface,
and w2213 develop a force solely ac 2 result of
internal worxz cdeveloped in Aissipating the xin-
etic energy azguired during the drop.

rop Tester

- It seered ivportant to the zomparisc: of
243 ohat they azz be

results Tron different cubje
droppes in an Fdentiesi marmer, To do this n
test device wms built Ly vwhich = man 2oull be
drepped rom 2 given helzht 2ireriiy unio 2
Torce gazée. The device, sthown in Figpure %, zon-
sisted of %we basic parts: a nistfomm i support
the fest sudbject snd 3 yudding arrazngevent tc
assure 2 sontrolied drone.

The pide ¢
which differed in diameter by ahou
The inner gipe was supported yer:ii
enis wnile the culer was free %o olid .
Fricticn was minirsl tecauze <7 ine loose fit,

The platicrm, w5l aSSenbled fronm
heavy bar sz 53 1 ~¢ %he wuter pipe,
hed 2 plyroed ceover orovida z ievel floor for

2 cubjest Lo siz2nd uscn. Thae LWe nlywocd sezt-
ir;s whish supported the subjesi's heels were
free Iloating, Zuring z rop. only the we'sh:
t and these two small pieces o
plyood acsted on tne force gace nositioned be-
lorr the tester; the rest of the {ester dropped
an addidiomal nell inch belore it sirack the

floor,

The height positiocnini a2nji release mecha-
rdsm consisted ol = bar with 2 moveadle flamse,

AT the start of a zect the fianse was inserted
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wnder Sire platiorm no hcld it av a certain dis-
tunee bove the gage. Accarate drop distances

were measwred after a subject was positioned on
the tester. A quick pull on the bar disengaszed
the flange releasing the tester.

Subjects

Three volunteers participated threughout
the impact response program., All three were
young men in their early twenties. Two men
were 69 inches tall, the third 72 inches. Their
individual weights were close t» those for the
5, 50 and 95th percentile man. Each man was

tested while wearing street slices with hard
rubber heels.

Force Gage

The gage vhich eventually evolved for use
in the drop test experiment is shown in Figure
2. It measured force in terrs of strain induced
in four cylindrical posts, zach 1/2 inch in 3ia-
meter and 4% inches long. Four foil strain
gages were nounted circumferentially on eazh
post. All gages were connected in two cpposite
arms of a wheatstine bridge circuil tc measure
total force exerted on the gage.

The “our pests were fastened in the center
of a 1/2 inch thick steel base piate, geometri-
cally at the zorners cf s 2 inch by 7 inch rec-
tangle, Initially, twc gages were made, cne for
each foot. The 7 inch post spacing allowed the
heel and ball of cne foot to bear down on a pair
of posts. The top of each post was hollowed
slightly to hcld & 1/k inch ball bearing in its
2enter and s¢ $¢ 2id in transmitting a oure
axial lcad through each pest., A acver plate,

mde frow 1/4% inch thick alumdnum, rested on the
21l bearings. During the upward acceleration
tests, a subject's foot rested on the coverplate.

Fig. 2; Force Gage

In the drop teste, however, the gage was
modified by adding & pair of 1 inch square bars
placed on the cover plate directly over the
posts. A top plate of 1/2 inch steel restedon
these bars, This arrangement ensated for
slightly inaccurate drops anu . rther aided .a
transmitting axial louding through the posis.

TESTTNG

The force gage itself was placed om the
concrete floor beneath the dror tester and
sitiored so that each of the 1bject’s heels
would strike and lced two pai: =f stralnsensi-
tive rods axially, Only the force resulting from
impact of the heels was measured, Inearly test-
ing the force generated by impact of the balls of
the feet was alsc measured, but when this force
turned out 0 be of small magnitude and was
loter interpreted as a balancing force, the
measurement was discontinved. Instead, supojects
were instructed to lean back on their heels just
before the vlatform was dropped to reduce the
mgnitude of this forée., Inthis way the 4iffi-
culties involved ir making double measurements
were avoided without campromising accuracy,
since muscular force is not multiplied at im-
pact, the time interval being too short to per-
mit body reaction on.

In addition to measuring force, an accele-
rameter was also strapped to the subject's head
to indicate the time of arrival of the deceler-
ating stress wave. Sfress propagation veloci-

ties could then be calculated using this tiwe
intervel.

Tests were begun at an fnitial dropheizht
of 2 inches and increasedat il inek intervals
with the understanding shat testins would stop
at the subject's requzsi vhenever the impact

rees cauled discomfors or pain. This reguest
a8 never made. Insteal, they uxconsciously
bent their knees at the higher drops instinati-
vely trying to protect themselves, Eight inch
Ireps were obtained with 4177iculty, and only
cne 2 inch drop s succersiully completed ac it
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was cobvious that the subjects were bending their
knees to cushion the impact, an unexpected limi.

* + o] Comrmmd 6 wal o2 3T as
tatlcn <3 the tost methed, Snort of rigidiy

locking a subject's kuees, an idea with little
appeal to the tes subjects, drop testing was
ended, |

TEST RESULTS

one volunteer for a 2, 5 cnd 8 inch drop. The
time scale is applicable to all records with an
accuracy of 2 or 3 percenv. Each record, how-
ever, iz labeled with the value of the maximum
force since a common signal arplification was
not. used for each tesg',

i DROP
niLs
$in DRy "
lhc- e
ot T ORP B

woLe

e -l

g 133 43EC -

Figz, 3. Torze-time Qurves for One Volunteer
2, 5an3d 7T In h Drops

Figure 4 shows a curve which illustrates
the general results obtaired in all tests. There
ozcurs first a ccompression phase in which drop
energy results in a force inerease Lo a maximum,
The time to peak force decreased {rom about 1
mses for a 2 inch drop tc about 7 msec for a 9
i..ch drop. Then the body recovers from the ime

7-13
MSEC

FORCE

P -

pest towards its normal weight. This time
varied berween 30 and 50 msec. 1t

flcant tnat in all the tests rcenducted only
twice ¢id the rebound force ever reacr zerco.
Apperently, the body defends againsi impact
largely by energy dissipation rather than by
enerzy storage. This result influenced the
design cf a lumped parameter model for man,

l
T

Fig. h. Typical Featuves of Force-tiime Curves
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Fig. 5 Peak Force Developed Above Body
¥eight Versus Impact Energy

The test result jusged most significant to
tolerance studies is shown irn Figure 5. Hera,
the two highest valiaes of peak force developed
above body weirght are plotted againsc the kine-
tic energy of each volunteer at impact. The
suraight line represerts the least squares it
to the data whick had the highest index of
determination (.85) of several curves types
tried. Egquaticn 1 is the ritting eguation

P = kg5 ’ )
where E is impact energy in in-lbs and F is -
pear force in 1bs "akove body weight.
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Fige ¥ Stress Wave Transit Time
Versug npact fmergy

The time interval between foot force and
head acceleration against the kinetic energy
of impact £8 plotted in Figure 5. As best as
cen de detarmined by curve fitting, the transit
time does not seem to be greatly influenced by
height of drop. Apparently strass transmission
occurs a$ 2 rather constant veloeity, somewhat
less than 1090 ft/sec. This speed is rather
low considering that bone transmits sound at a
velocity near 10,000 ft/sec and the soft body
materials (mostly ccmmpesed of water) at a speed
near 5000 ft/sec, It would seem that the body's
response to impac!, cannot te readily explained
bty assuming longitudinal stress wave propa-
gation ac in 2n elastic mediuwm, Apparently,
joint distortion with ite accamanying genera-
tion ¢f transversa shear waves slows elastic
propagation times considerably, .

Flgure 7 shows how the time to the peak
force varies with thie magnitude of the force
itself. There is obvicusly much scatier in
this dats. In fact, 1f it were not for the
resulia of the medel studies, the Srend weuld
bve 4iffisult Yo discern. 7Tne soild line
represents the best least sguares fit to the

%a3 the dashed lir: represents model response.
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Fig. 7 Peak Force Versus Time %o
Peak Force, One Volwuteer

DEVELOPMENT OF MODEL

The test date concerns forces arising from
the impact of stiff-legged man falling ontc a
rizgid surface. On shipboard, rorces will arise
from stationary men being accelereted from up-
ward moving decks., To yu from one case tc the
other, a model is needed which will be in agree-
ment with the test data and yet be responsive
to deck accelerationa.

It ceemed that such a model should reflect
two basic human response properties, (1) the
general shape of the {orce-time curve resulting
from impact should be preserved as far as possi-
ble, and (2) the pesk forces uevelomes® by the
»~dle over the runge of drop test shculéd close-
Jy match those developed by the volunteere.
Confiuence in predictions could then be taken
in proportion to the agreement between model
and volunteer rasponse.

As a result of these considerations, a
lunped parsmeter model was eventually evoived
to represent what is basically a complex stress
transaission problem. The model, given as
equation 2, represents a mass supported by a
parnllel spring and demper cawbination. In
this case, hcwever, rather than bein. constant,
demping is considered to be proportional te
displucewment.

Bk -F) exk+kx =0 (2)

Here, ¥ 15 the applied acceleration and X, X
and x are the acceleration, velceity and dis-
Placement of the spring damper combination.
The 3pring constant is k, the damping constant
¢ and the mass m, For the 50th percantile man,
the best agreement of peak forces between man
mdnodeloccurredvhenkhadavduﬁofzoo
1bs/in and c a value of 65 1b sec/in”.

The value of k vas somewhat lower than
might be expected, judgirg from che results of
static compression tests. Hirsch and White (1)
found that the spring constant for a men's legs
was about 1,500 1bs/in. From Ruff's (2) comp-

T T T e T S EEEERREE St e €
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ression measurements on a human spinal section
from the 10th dorsal through the 5%h lumbar
vertebrae, it would apnear that #hiz mention
has a spring constent of about 3,100 1b/in. An
entire spine of 2k vertebra would accordingly
hes a stiffness of about 800 lbs/in. It
follows that the series combinations of legs
and epine would imply a spring constant of about
520 1bs/in. If tending occurs, as it surely
must in “he body, the overall spring constant
couwld be ruch lower and perhaps not too far
from the value of 200 lbs/in used herein.

Damping was included to take energy from
the system and to skew the force time curve
towards a siape like that observed in drop
tests. The form of the velocity damping term
was ccnditioned by the shape of the force curve,
In drop tests, force was zero at impact, the
time of maximur velocity, then it increased. It
would not be possible, obviously, to represent
damping as a product of a constant and a velo-
c¢ity because then the force would be a maximm
at the time of magimmm veloecity. To brinz about
agreement with tess results, damping wacs made
dependent on both velocity and displacement. In
this way force could not develop without some
displacement occurring, and yet it would be de-
pendent upon velocity as well,

Because of the inclusion of the damping
term. the force produced by the model, both Ior
impact and for initial eccelerations, is stron -
ly dependent upon velocity itself. This result
wasz somewhat unexpected considering that static
testing indicates that large forces can be de-
veloped in the legs independently of velocity.
Model deflections are only on the arder of one
inch at the time that fracture would be indicat-
ed; consequently, the forie caused by deflection
alone is not significant in comparison with that

-caused by velocity. The xodel response suggests

that an increased force Jeveldps when the body
is compressed rapidly above that developed in
static compression. This pattern follows that
reported by McElhaney and Byers (3) in their
dynardc studies or biclogic materiais, They
found that an increased stress, as muck as two
to one, cccurred for the same strain when bone
apc muscle tissue were compressed dynsmically
rather than statically,

How well does the model response to impact
represent the response of volunteers? The model
response curve shown in Figure 5, while slightly
higher; nevertheless agrees with the laast square
square fit to similar values of force produced
by volunteers for the same impact energy. Of
equal importance is the observation that both
curves have avout the same slope, a fact which
ixplies that test data extrapuiated to the
frecture limit will not depart seriously frea
model predictions. The reasonably good fit in-
dicates: that the model's respcmse will be in
agreement with the response of men at least as
for as predicting peak force is comcerned.

When calculated ard peasured values of peak
force are compared for agreement in time of
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So far 1 one ol was developed wito thir S0un
percentile man in rind, Glow well modei responss
applies to meny o cther welsht musi now be Sons
swidored,

when welght i varied, wodel response also
varies with some favorable and scme unfavorable
results, Pear force, or example, is grester
Jor heavy men than ror lisht men, as expected
for the same impact velocity. Acgsceleraticns,
nowever, are ~ontrary to expectations. being
less ror large mern than Tor small men, In
addition, for the same impact energy light men,
cantrary to test data, develop a greater oree
than do heavy men., OCbvicusly, some nodifica-
tions are needed to make the response of all
men conform with reason as well as test data,

Consider the matte asceleration for the
moment. AS far as we ' stress waves meve
through the body with .. stant velcdity. Tous

when two different size r:ea qre dropped o a
deck from a copmen height. 2 suress wave should
travel upwards causing poriicns of thelr body
equally distant fromthe deck <o be brought to
rest al the same time, Over this interval de-
celeration would dbe the same in beth men, De-
celeration in the taller nan, hewever, would
persist somowhat longer. 3But since most ser-
vize men differ from s mean height omiy by about
5 percent, we should expect that a lumped para-
meter model whish developed a fairly constant
deceleration could be used to represect. fairly
adeguately, what is basically a wave transmiss--
ion phenomenocn.

Modifirations to eguaticn 1 must not only
tend to bring abou. a more uniform acceleration
among men but also cause a ccomor rorce to de-
velop in proportion to their impact energy.

In seexing th medifications, the idea
thet spring and damping terms cculd be represen-
ted as constunt for 21l men was reexaminedhls
consideration led to the belief that differen-
ses in size are not likely to occur without
cther accompanying changes tc the physical pro-
perties of the body: tendons, !igaments, muscles
ete, are 31l present in greater quaz*ities in
»ig men than in small men, While damping and
sLiffness properties of these components would
be the same cn a unit basis, vhen size increas~
es more material is present, wit:z the result

e damping ctange in prop ridon

tnat siiUness
ity o mrerial presend.

v ¢ aunt

Now I Suirrness and damping are made e
wary directly with muss, the model will ‘hen
respend v ippact vitn ezual acreleraticn ree

rdless o masy.  iowever, oeak force will then
oe proportionsl to mass. Hiperinentsl data in-
cutes thol oeax {orce should be propc-tional
Lo she .35 power of mass £or on o given impact
=y, Consequently, it would seem that
wess and darmping ratics showld vary with
wsticnal pewer ©f mass.

oo

Yo
g3 4

ee volume sealing turaed up definlencies
¢ lin, in which bulf"ncbs and damping
ntios varied with the 2/3 power of mass, was
ied next. This attempt turned out to be a
appy cheice for e peak Torce developed Tr-om
impact of the 35, 52 and 95th percentiie man, no
Loager varied .,onsirie"ably with mass, but fol-
lowed closely the empirical relaticnship of 2quar
tion 1l reflecting the avarage test data., In
aciition, acCeleration differences rom the
wean to the cuter percentiles was now raduced
to a modest 6 percent. I fact, as a conse-
quence of ares scaling,equalion 1 zauses accel-
erations of different weight mi-x} £rn impact to
be inversely proportional te w™ Y, that is,
acceleration is directiy vrcporticnal to the
time it would take 12 censtant velocity stress
wave to traverse their heighs.

s ::‘ ct oy B

The equation wnich best represents our
efforts to model man's response o impact Iis
writien 25 equation 3.

23 e »n 2,’/3 n 2/3

] - — - kY » = -\. f‘) /7~
nix - ¥V + el Sz wk o+ k(FEgs: 2=0(3)
where the various terms have the meaning pre-
vicusly assigned. Thz term g5 refers to the
mass of 50th percentile man, whose weight is
taken to be 165 1ibs.

SUMMARY

Test results indicate that human response
to impact involves stress transmission through
the body at a velocity near 1000 ft/sec.

A mathemstical model was worked cut which
developed a forze-time response similar to that
recerded during impact testing of volunteers.
Model results show good agreement with human
response in respect to peak forze and impace
enersy bui poorer agreement with respect to
the time at which peak force occours.

Use of the model will permit injury pre-
dictions for shock excited deck motions by 2
direct comparison of force growth in the body
tc frasture force.
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DISCUSSION

Mr, Godino (GD/Electric Boat): Would you
please tell me where you get the original constants
you start with for m, ¢ and k?

Mr, Gesswein: ¢ and k were simply adjusted
during the trial and error process of finding an
equation that would model according to the data that
we had, It turned out for the average man that ¢ had
a value of 62 pound-seconds per inch squared, and k
had a value of 200 lbs per inch,

Mr, Hughes (Naval We% Evaluatitn Facility):
Did you try an equation in w! damping term
was raised to a power of x? It would appea: that
in progressing from the small man to the 166 pound
man and then to the 203 pouns man, your fit was pro-
gressing to one side or the ¢ her, 1 think you would
get & better fit if you raised it to a certain power of
x, Have you tried that?

Mr, Gesswein: We thonght of that, We tried
squaring it, and halving it, but these did not work as
well as simple first degree power so we left the
model as it {8, The difficulty in changing exponents
is that we do not have really good data to work
with, We ouly tested threc men and I have shown
you the scatter in the data, So any efiort at sophis-
ticated modelling ! think would be wasted,

Mr, Pcete (Naval Undersea R and D Center):
Maw.mgw_‘ﬁ!%'ﬁmto&wst
specimens, in other words, their age factor, any

spinal or leg type injuries, prior to the testing
period? .

Mr, Gesswein: Yes, that was Dr. Carrav's
part. Ail of the subjects were thoroughly examined
at the Naval Medicel Research Institute before the
tests and after the ‘ests,

Mr, Stein 3Arlmn8hﬁe University}: Was
there any co on in your tests between the
time of day of the dxvp and the apparent quite large
scatter for the same individual subjected to the
same drop? From on: of your siides there is the
apparently considerable acatter in the data for the
same individual being dropped by the same height,
Was there any correlation in the data with time of
day or the relation tc meal time? Because it would
seen to me that the soft parts of the body would rot
accelerate as a rigid msss with the body, and per-
haps some of the time factors could be explained
that way, lake a flabby belly mighi not come down

11

at the same tiae as the beel but at some time later
spreading the puio. ocut a considerable amount,

Mr, Gesswein: That certainly is a pertinent
point you have raised there, A lot of the scatter
thet we observed was due to the volunteers bending
their knees during the drop, (Laughter) I think that
is understandable, We tried to eliminate it as much
as possible by cautioning them to keep their knees
stiff, but there is a lot of scatter in this kind of data
and it may be as you say due to many factors but we
could not investigate then: in that kind of detail,

Mr, Shaffer (Aerospace Medical Research
Laboratory): How did you determine the 3090 1b
fracture limit?

Mr. Gesswein: I quote a reference in the paper
by Hirsch and White, they had 15,000 1bs per leg and
1 looked over the references they had used and {
thought 3000lbs was a nice round number for that
sort of thing, It is not too well established,

Mr. Shaffer: How do you know that this is the
first mode of failure?

Mr. Gesswein: The model is simply designed to
predict when fracture will occur, That is all we de~
signed the moriel for, Not bruises, contusions and
so forth,

Mr, Clevenson (INASA Reseszrch Center):
Would you explain a2 little hit as to why 2 heavy man
accelerates differenily than a standard man?

Mr, Gesswein: If Ileft the impression that the
man decelaraies differently it was erroneous. 1
meant the model itself, You see when you divide by
the mass, ther the heavier mass will of course have
the acceleration for the heavier man smaller than
that for the lighter man, 1 believe that all men,
since they are about the same height, deceierate
equally,

Mr, Smith (Bell Aerospace): Your last slide
seemed to show a partial attempt at least at non~
dimensionalizing your responses, and of course
that is a very good way to reduce scatter of which
you do not scem to have taken advantage. Most
previous information ia this area has been, I think,
on frequency responge of man and 1 think this in-
cludes 2 certain amount in the vertical direction,




Have vou tried correlating existing data on frequency
response with the impact response ?

Mr, Gesawein: No 1 have not, That is probably
because 1 am not aware of the existing data on the
frecuency response,

Mr. Eaton (Menasco Manufacturing Co,): You
mentioned that you had an uaccelerometier on the top
of the man’s head and you showed a slide showing
the time for the transient response to get up to the
top of his head, What was the correlation between

12

the g ratings, or accelerometer readings, and the
platform reactions?

Mr, Gesswein: We did not make a measurement
of the acceleration on the head, We used the accel-
crometer to indicate when the shock wave arrived,
We did not use the accelercmeter for the purpose
you mention because we could not fit it to the head
very well, We strapped it down but there was still
the problem of hair, and we could not keep the man
to keep his head vertical, we always sesmed to have
some horizontal component which would obscure the

meaning of the reading,
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EQUAL ANNOYANCE CONTUUKRS FOR THE EFFECT OF SINUSOIDAL
VIBRATION ON MAN

c. Ashley, Ph.D.
Mechanical Engineering Department
University of Birmingham,

Englond.

Existing 2xperimental techniaues have not given satisfactory answers to problems
of subjective respame to vibration, The author has suggested a new :nethod in
which a random vibration spectrum is used as dc tum and o cross matching proce~
dure with sinusoidal vibration employed to find constant anoyance contours.
This merhod has been applied experimentat; - to the standing position and shows
a minimum sersitivity ot 1}, 7Hz with increased sensitivity towards 0.7 Hz.
Maximum sensitivity occurred between & and 15Hz, The standard deviations

of the results were smoll compared to previous investigations, The comours
agreec with the proposed 1SO recommendation on vibration sensitivity of man,

INTRODUCTION

One of the fundamental requirements in assessing
the occeptability of a particular enviroment is know-
ledge of the effect of vibration on man., The
International Standards Organisation (ISO) has been
working on this problem for some considerable time
and a working group proposal {1)* is fairly close to
becoming an 15O recommendation. Fer vertical
sinusoidal excitation the proposed standard is given in
Fig. 1, and it will be noted that only the frequency
ronge 1-90Hz is included. The most sensitive region
in accelerotion terms is beiwsen 4Hz ond 8Hz, which
coiresponds to the frequency range over which major
resononces of the human body occur.  Measurements of
body stmain by Clark, Lange and Coermann (2} show
peck fevels for the Upper abdomen, chest, lower
abdomen and pelvis in this frequency range, Other
investigotors measuring troremissibility directly have
alto confirmed the ronge,

The limits of exposure are given in terms of three
{imiting criteria which ore seif explanatory, safe
exposure, fatigue decreased performance, and reduced
comfort, In this paper we are concerned only with the
fost criterion, -

.

*A list of references is given ot the end of the paper
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1SO Proposed Recommendotions for the effects of
vertical vibration on man.

 Fig. 1




e

iy

(hiasdialuiviue it

The straightforward data jven by 150 is taken
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at alf straightforward, This is demonsirated by the type
of data shown in Fig, 2.
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Subjective responses from varicus loboratory tests

for vertical vibration tolerance (after Bryce @)
Fig, 2.

in which the results of different experimenters-ore
compored. Each o-e used different criteria, s one
con expect differences in overall level but the shapes
of the contours also differ in a significont manner,
some showing « rise in semsibility of low frequency
and others a fall. A wide criticol survey of the
literoture and a comprehensive bibliogrophy has been
prepared by Guignard (£) and many further examples
may be found,

The reason for this disogreement between investi-
gators is probably due to the expetimental methods
used, All the subjective work reviewsd by Bryce
asked the subjacts to classify the vibration in semantic
terms i.e. occeptable, tolerable, mildly annoying,
severe etc. All these terms have different meanings
to differant people and this mokes control of the axp~
sriment difficult, During the course of the test the
attitde of a single subject to a particular rating con
chonge,

A possible altemative techniqus ueed by Woods
(5) asked four subjects to clamify vibration level in
terms of numbers between | and 10, Sut a linesr
scale did not rexcit from this technique.

For particular types of work such as vehicle tide
asesment it is necemary to have sotisfactory know-
ladge of the shape of the contours of equal annoy=
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arce, 50 that one enviroment can ba comparev with
another, The method used and presented in this paper
was to accept the 1SO proposed levels as correct at one
frequency (6Hz), and then to obtain contours by asking
subjects to compcre the effects of vibration ot different
frequencies with a stardard vibration which was random
in nature, This is a similar technique to that used for
the equal loudness contours in sound (6).

For this initial work to prove the cross matching
technique, vertical vibraticn in the standing position
was chosen as the subject, This choice eliminated
problems of sect transfer characteristic which offect
experiments conducted in the sected position,

EXPERIMENTAL TECHNIQUE AND RESULTS
CHOICE OF STANDARD

The first decis.on necessary in a cross matching
experiment s selection of the stondard, The standard
selected wos a random vibrotion excitotion with a
power spectrum which decreased at 12 db/octave when
measured in displacement terms or was substantiolly
flat when measured in velocity terms, The method of
generation is defailed in Appendix 1, Choice of such
a specirum was dictated by the experimenters interest
in the automobile ride snviroment (7. Study of a wide
ronge of rood and runway surfaces by .an Deusen (8)
and LaBorre, Andrew & Forbes {9) have shown that on
average the powsr specirum of amplitude against wove~
iength shows a slope of two. This infers that bumps are
geomstrically similor ond lorge bumpsare of long -
wavelength and small bumps of proportionately smoller
wovelength, When related fo a vehicle tavelling ot
conglont speed, G consiant meon velacity input spectrum
con be inferred, the level being a function of the
roughness of the surface and the speed of the vehicle.
The vibration standord weed corresponds to that which
would be experisnced on a vehicle with infinite rate
springing, and is7. uvseful gensralised standard.

# was fel* much better to use a random signal os
o comparison siandard rother thon a simsoidol signal,
because at the Fined Frequency chossn for the sinusoid,
subjects would be excited in differing monner due to
plysiologica! differences, .

EXPERIMENTAL METHOD

The random signal was related to the ISO
proposal for FOP ot 6Hz by cross matching for vertical
vibration in the standing position, This wos achieved
by uee of two slectro=hydraulic vibrators mounted
closs together, Fig. 3, the sbject moving fromone
to the other until eatisfied by the equivalence. The
actual printed instructions given 16 each subject are
given in Appendix 2, The type of sbjects wod were
fir moles in the age range ninstesn to fifty five. The
sinusoidol level was fined ot the ISO stundord and the
rondom level varied. The accelemtion lsvels vere
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The subjected being vibrated at farge omplitude and
fow frequency by one vibrator,

found by calculation from measured displocement of
the vibrotar,

The average reauits for 108 tests using 27 subjects
ore given in Fig, 4 ond a satisfactary lineor relation~
ship is shown,

The equal annoyance contours for humarsexcited
in the vertical stending position were then found
using the average random levels found from the first
experiment to correspond to the 1SO FOP time limits
for one hour, two and one half hours, four hours and
eight hours as stondards. For this experimeat the
rondom levels were kept constant as comporison
fevel:, ond the sinusoidal vibration level varied in
the o plitude ot each fixed frequency. Six subjects
only were used for this stage of the investigation,
The technique used was to stort ot 7 Hz and then toke
equivalence readings of sep reduced frequencies down
10 0.7 Hz, Then the frequency was increased upwords
Tn steps starting from 7 #Hz, By this technique any
element of learning, or 3irple progressive change in
amplitude semsitivity would be detected by a step in
tha contours ot 6 Hz to 7 Hx, but nc such step wos
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Fig. 4
The relationthip between the arbitory sandom viniotion
and the principal (SO levels ot 6Hz, The standord
deviation is shown by the bar,
present, It was also gratifying that the six subjects
gove an averoge at 6 Hz “hich wos remarkably close
to the equivalence average of the 27 subjects used in
t'.e first port of the experiment, The only major
divergence was at the one hour level, bt the emror
was in the direction o giving o better linsar
relationship than the original experiment. The stand-~
ord deviations are shown in Fig. £ ond ure
reasonable though six subjects is much smaller sample
than is statistically desiroble, When comparison is
mode, Fig, 6, beiween the stondard deviations
occurring with the semantic method as wsed, for
ewmple, by Parks ond the aoes marching method the
reduction in the standard deviation is quite remarkable,

DISCUSSION OF RESULTS

Comparison between the resvits and the 1SO
proposals is made in Fig. 7 and shows good agree-
ment except that ot higher frequencies more seruiti-
vity is shown, The range of frequency for uniform
tolerence 1o acceleration appeors %o extend fo about
15 Hz, The indicuted minimum sensitivity at |,7 Hz
is of nreat interest in that it is close to the natural
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Fig. §
The annoyance centours for vertical vibration in the
standing position
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A comparison between standard deviations found for
o semantic based experiment compared with the
cross-matching method,

bounce ‘requency of many rood vehicles. The
increace in semsitivity at lower frequencies is almost
certainly asociated with motion sickness, for which
0.3 Hz has been suggested as the frequency of
porticular semsitivity, The fraquency range 5-15Hz
includes most of the major resonances of the thorax
abdominal system already mentioned.
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Fig. 7
A comparison between the results of this experiment
ond the I1SO propoals

It is | teresting to note that the excitation

frequency  minimum sensitivity ot 1,7 Hz corresponds

to a natural wolking pace of 102 paces per minute, ot
which one would expect notural selection to lead to
good isolation,

Cther recent investigators such as Dupuis (1) and
Loude, Dupvis and Hartung (11) show similar annoyance
curves to that given in this paper, though the cross
matching technique was not used, A recent experi
menter Miwa (12) used the cross matching technique
with a sinusoidal at 20 Hz as standard but did not show
the increase in sensitivity ot very low frequencies,
This result may be a function of the high frequency
datum concentrating the a:tention of the subject on
the harmonics ineviidbly present in the fow frequency
vibration, Another factor was the short exposure time
vsed by Miwa, 6 seconds below 10 Hz and 3 seconds
abcve 10 Hz, It was found in the current experiment
periods of up to thirty seconds or more were necessory
for the majority of subjects 2o get ¢ complete feeling
for a particulor vibration,

THE RESULTS IN RELATION TO PHYSIOLOGICAL
FACTORS

The methods used show excellent ogreement with
the averuged resuvits by Bryce (3) of severcl previous
experiments, Fig, 8, despite the small sample size,
The actual shape is closest to thot of Goidman who
himself cosidered the results of sevéral investigators.,
The only other quantitative method for obtaining
equal comfort curves is the method of ‘horbed power'
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) Fig 8
A comparison of the results of this experiment with the
averages of Bryce ond Goldman and the USAF (WADC)
criterion

proposed by Prodko and Lee (14), A comporison is.
shown in Fig, 9
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Fig, 9
A comparison between cross matching end normalised
absorbed power for the sitting position,

in which Pradko and Lee's published curved for the
equal comfort bou-dary in the seated position hos been
normalised to the 1SO 4 hr 4DP fevel. This shows
notable divergence ot low frequencies. This is to be
expzcted because at low frequencies the body moves
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T TS =T

os a rigld mass with Jittle energy absorbed through
internci damping. The energy absorbed by the
initiotion of motion sicknest is negligible, though the
end effects car “e severe ., Despite the fact that people
are known to acclimotise to low frequency motion, the
author feels that the effect of mation sickness should be
included, Tius it may be prcposed thai comfort is a
function of vascular disturbance at low frequencies and
absorbed power at higher frequencies,

Safe exposure limits may well be based on different
criteria such as acceptable relative motion of the internal
organs of the body. For this case light damping could
lead to low absotbed power, but lurge amplitudes
particularly if @ minor sub=system is envolved such as
the eyebali,

CONCLUSION

The cruss=matching technique using @ constast
velocity power spectium as vibration datum is presented
os o valuable new technique which it is hoped other
experimenters will use to clarify the various problems
of comfort, The outstanding problem is the relation=
ship between sinusoidal ard random motion, but other
areas could include the effect of differential motion
input ai head and seat, two dimensional disturbances
and the effect of mixing noise :nd vibration, Fatigue
cffects are a differe..: problem, and meaningful results
can only be obtained from experiments using sersible
tasks as criteria.

Comparison of the results in this poper with the 1SO
proposals shows excelient ogreement within the common
frequency range of ! Hz fo 20 Hz, The 15O proposals
are designed fo cover safe exposure and fotigue decreased
performance, with comfort as a third consideration and
this work shows that the ISO proposols can be used in
this third opplication with sotisfaction,
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APPENDIX 1 RANDOM WAVEFORM GENERATION

For this type of work in which random vibration
is used as a standord, a definabla, ergodic source
must be used., The device employed was a commercial
Solartron B0 1227 random signal generator, which
employs 7 binary switches operated at random to form
voltages corresponding to any number befween 0 and
128 with equal probability. if two successive voltages
are averaged, there will be a triungular probability
function, If averaged 32 times and the probability
distribution becomes virtually gaussion with a crest
factor of 9,8, The switching frequency is separately
controlled, The spectral density has the form

V() = V(o) sin T8 £/fc / nk/c

with zero power at switching frequency, but flat down
to zer frequency., The switching frequency used was
32 Hz,

This unit drove a simple filter of form

F(iw) = —-‘—-—-

1 +4€ (i)

whetet =0,5 sec and the comer frequency was 0,33 Hz,
This yields a velocity spectrum which was flat over
the ronge 0=~15 Hz, The spectrum is given in Fig, 10,

The actval wavefor . are shown in Fig, 11 and are
substantially identical L. tween driving signal and
vibration response, except for a time log of 10 ms,

APPENDIX 2 INSTRUCTIONS GIVEN TO SUBJECTS

*This is a vibration test to compare fhe annoyance
of random vibration with sinusoidal. Although there
is ocbviously no real equivalent this is a serious attempt
to obtain a guide. Please don the ear muffs (fo reduce
extraneous noise) cnd then let your weight be corried
by each plate in tum, Stand naturally (not rigidly)
but do not allow the knees to bend 0 that vibration is
reduced, Imagine that you will have to stand each
vibration is reducad, Imogine that you will have to
stand each vibration for the specified time. Quickly
make up your mind which is more unpleasont ond tell
the controller, He will then reset one vibration to
be more equal, This procedure is to be repeated until
both appear of equal annoyance. The test will then be
continved for a different setting.

¥ you feel queasy or unwell at ary stage tell the
controller and the test will be stopped. ”

APPENDIX 3 WAVEFORM DISTORTION
In any vibration experiment some degwee of

waveform distortion is inevitdhle, The vibrator units
vsed for this experimant were eiectro~hy drulic units
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designed by the author (14) and shown in Fig, 12,
Thase had minimum distortion as a design objestive,
and this wus io be Gchisved ihfough low friciion
design of the actuator and low noise design of the
electronic system, The actual distortion ot 10 Hz
and * 0,100 in, is given in Table ! below

Fm:entgle Content
Harmonic Acceleration Displacement
1 100 100
2 4 1
3 6,6 0.7
4 2 0.1
5 13 0.5
é 2 0.05
7 13 0.26
8 2 0.03
9 n 0.1
Total
Harmonic Distubance 2% 1.39%

Toble | Harmonic Content of Sinusoidal Response at 10 Hz,

. “_(vuocm’/cm)l’
HOMBML BANOWDTS Ma
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Fig 1}
The actual input waveforms and their reproduction
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DISCUSSION

Mr, Stein {Arizoaa State University): [was
most impressed by your committee averaging pro-
cedure between zero and six db per octave, Six db
per octave represents a single lumped-parameter
energy-storing-element type of response which has
a good phy-ical representation to the mathematices,
Three db per octave {s a committee averaged de-
cision, Is that veally a good way to go? Also six
would have corresponded with some of your experi-
mental results a tittle better 1 believe,

Mr, Ashley: First of all T must atress that the
story I told Is in fact apocryphal, I was not there

at the time that this particular decision was made
and I agree with vou that it would be very much nicer
if the slope had in fact heen six db per uctave, be-
cause it would have meant that the design of filters
for using weighting networks would have been very
much easier, And egain it wouid have correspounded
to the concept of jerk at very low frequency, Apart
from that, 1 think that when you actually atudy the
shape of the curves in relationship to the published
form of my paper I think that the agreement with
this bastard slope, if you likz, is very good,

Mr, Foley (Sandia Laboratories): On your com-~
fort curves and so forth were all of the subjects in
your experiments males? Is there a difference with
females ?

Mr. Ashbley: For the work whirh we did all the
subjects were fit males in the age range 18 t 55, in
fact, most of them were students around about the
age range around about 18 to 22, It would be intevr-
esting in fact to do a comparison with females, We
have one or two it.olated items experimentally and
there does not seem to be very much significant
difference,

20

My, Parks (Army Tank-Automotive Command):
Have any data been collected on the response of
children? Most of this work seems to be in the adult
category,

Mr, Ashleg: It would in fact be interesting to
do it for children, One of the difficulties wath ~oing
this type of work is the ethics of doing the experi~
mentatior. in that one has a certain responsibility
as far as the likelthcod toward physical damage is
concerned, I think this is one of the reasons why
there has been very little work done in experimen-
tation with children to discover their tolerance to
vibration, I personafly know of no experimental
data whalsouver,

Mr, Parks: Could several of these sinusoldal
levels exist at one time at several frequencies?
Would that still {all under one of the curves?

Mr. Ashley: This now relates to how one con-
siders the reiacionshlp between raadom and pure
sinusoidal environments, You are taking a sort of
intermedi ate stage whore one has a mixmre of the
simsoicals, An extrese example of the physical
situation where this happrens is in helicopters where
you get stnusoidal vibration as a function of the rotor
frequency, In this case the best technique is to use
the tolerance curve as I have shown you and to tun
it upside down and then to use it as a weighting, If
one is six db less sensitive at 10 Hz then one mul-
tiplies the sinusoidal component at 10 Hz by a factor
of one-half and then sums the effect,

IO T = T e S —
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ISOLATION
ISOLATION FROM MECH/NICAL SHOCK WITH A MOUNTING

SYSTEM HAVING [IONLINEAR DUAL.PHASE DAMPING

J. C. Saowion
Ordnance F=sea ch Lakoratory
The Pennsylvania State Universivy
University Park, Pennsylvenia

This investizaticn demonstrates that, when the foundation of = simple
moanting system is trunsiently displaced, the use cf a shock sunt hav-
ing nonlinear dual-phase damping can simiitanecusly reduce or minimize
the resulting acceleration and displacement of the mounted item. Hor-
malliy, such reaactions pose conflicting requirements that cannct be sai-
isfied at the sam: time by & conventional viscously demped linear shock
mount. The dasghpot of the ncnlineer system considered here exerts a
duai.phase danping force that is relatively small when the system under-
goes abrupt transients, but is significantly larger (1) during the rel.
atively slow decayr of motion that follows this sbrupt loading, and f2)
when the system is subjected Lo less abrupt transierts., The response of
the mounted item has been either calculsted from closed-form expressions
derived for the linear mounting system considered, or obtained by mu-
serical integration of a differential equation of motioa that incorpor-
ates the dual-phase damping characteristic of the nonliiear mounting
system concidered, The steplike and pulselike input transients examined
are reglistic in that they describe asow the forndation of each mounting
2ystem is displaced through a finite distance in a finite time with
finite acceleration and deceleration, The rise times and durations of
the transients are chosen to be much larger than, of the same order as,
and much shorter than the balf-yraricd of nacural vibration of the mount-

ing systems.

INTRODUCTICH

This paper considers the response of *+he
simple mounting systems of Figs. L{a) and (b}
to a transient time.varying foundation dis-
placement x. (t) ; the resultant displacement of
themuntedituofmauul':%gt), vlere t is
time, A linear spring of sti sg X 12 common
to both systems and the lisnear dashpot of Fig.
1(a) obeys Newton's 1law of viscositv; however,
the dmping force exerted by the dashpot of
Fig. 1(b) is a nonlinear function of the rela-
tive velocity (:‘t1 - iz).

In generul, the contents of the item of
equipment M will receive the greatest protec.
tion from shock [1] when the acceleration,
displacement, and relative displacement of M
are gmall simultanecusly. For the simple
system of Fig. 1(a), these are conflicting re.
quirswents; for example, altnough the uﬁm
values and decay times of x, and (xg
be réduced if the sysiem ia darped

21

maximum acceleration of M ﬁll then be increazed
for all but gradual transienis.

The investigation descrided here was
prompted ty the belief that the contents of M
could be afforded greater protection from
Jamage if the viscous demping force was small
when the system experienced abrupt transients,
but was considerably lacger (1) during the rel-
atively slow decay of mot?on induced by this
abrupt loading, and (2) when the syctem was
suojected to iess abrupt transients. BSuch
changes in resistence “o motion (viscous damp-
ing force decressing as rate of shzcor ine
creases) are characteristic of so-called
thixotropic substances, which include many
polymer solutions [2-9), "non-drip" paints,
and even blood {10]. Although thixotropic be-
havior is well known ard meny experimental re-
sults are documented in the literature, it
appears that significant chaages in viscous-
damping force are obtalned cnly when shear
rate changes in value by several orders of
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casnitude,  Jonsequently, the proacunced thixo-
tropie characteristic sought atter in this ine
vestigation iz consider=1 to result from the
nordinsar wecranical actiosn of & lashpot tnat
contains s linear rluidg,

For the linear system of Lig. 1{a}, it is
well known trat the damping ratic 3g -~ the
ratio ¢ the coefficient -, to the velue e

bQ' 12 regquirsd to dexp the system eritically««

is miver, 1 by the simple relation
N T (
K . 28
where
+ {
~ (K/M!& {2}

is the natural frequency of the system, Eguive
alently, the nonlinear dashpot of Fig. 1{b) is
considered to heave a damping ratio tkat tukes
one of two constant values if the relative
velocity across the dashpot terminsls is either
small or large, For intermediate velocitles,
thers is a linear transition from cne lewel of
the damping ratic to the ocher., This char-
acteristic is sketched ir Fig. 2, where th=z
a."'ping ratic g changes in value fros & ¢

/2 as the magnitude cf the relative velceity

o~
(N

'2"‘1':(@""(&”.

increases from QugXpy . 0 HMinXpay 's Here, a,
8, and @ are arbitrary constants to be speci-
fied, ard %,,, is the paxirum value of the in-
put displacement x3{t'. Wwith this notation,
the durl.chase damping characteristic of Fig. 2
can be daseribed in specific terms as follows:

Ret wher 't <a, {L}
R S S A YOI
R ACI PN a 7}
en x< g, (s}
amnd
Eoo= U503 ghen 40 >3y, {6)

icallJ are
. -, where
en in the
2 o'e"a‘.ee

DAMPING RATIO 8,

22

2 Xa(1) e 8%l

w H L M J—J
' g s
C..:J:D’I "

(o} {b)

Fig. 1 - {a) Linear shock mount and (b) non-
linear shock mount with dual-phase damping.
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Fig, 72 - Sketzh of the dual.phase danping char-
acteristic of the nonlinear mount of Fig. L(b).

® 4l
{a) {b)
Fig, % - Dashpots with nonlinear mechanical

action designed to duplicate the dual-phase
damping characteristic of Fig. 2.
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depend on the rate at which the valves open and
close, In the ealculations to be deacribed
here, =2, B~ %, and a = 1.0, For these
values, the damping ratis changes in level by a
factor of 5 as the relative velocity varias by a
factor of 2 above the value ax~" & value
that is actually the maximum (sbsolute} velocity
attaired by M when the mountir.g system is un-
damped and is subjected to a aisecntinmious step
displacement X=X

The three Input lisplacements referred to
in this study are defined in the following sec-
tivn. The inputs &re chosen to be physienlly
reaiistic in that they describe the trans.ation
of the fcundation through a finite diste 2e in
a finite time with finite acceleration + 3 de-
celeration,

STEPLIKE AND PULS™ 1. INPUT DISPLACEMENIS

The ir-. tranv'#_t2 considered here are
(a) &a rewa, . _,-nor ent step, (b) a uni.
directi~~ ru .4 aisplacerment pulse, and
(e¢) an cocillu.ory displacement. step, These
inputs are defined by tre following equations:

xl(t) =0 when time t <O , n

-7..\°t
@+ rgt)] @)

(¢ ]
o

xl(t) = Xox il-e

when t > 0 {rounded step} ,

2 '7*?

.

X, (8) = %, \ez/u)(u )

when t >0 (rounded pulse)} ,

+ 0.25 sin *-:-:ot)] anm

when t > ¢ {oscillatory step’ .

The first two inputs have been considered in
previous investigations [1], but they are re-
defined here for convenience. %he input dis-
placements obtained for different values of the
parameter v, and universal curves that deseride
the velocity and acceleraticn waveforms asso-
ciated with these dispiacements, sre pletted in
Figs. L2

The parameter ., deseribes the finite rise
tim:s of the steps and the duration of the pulse
in terms of the half-period of natural vibra-
tion T/2 of the rounting syster; thus,

i 1)
]
s

~
»
N}
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The rise time 71 of the rounded displacement
step is defined by Ea. 11 a3 the time reguired
for the displacement to reach 82% of its final
value. The duration 7 of the dicplacement
pulce is defined as the length of an equiva.-
lenL regtangular pulse that has the same area
//'w } as that of the rounded pulse,

but which is higher by 17.6% than »___.. 1lhe
rise time 1 of the oscillatcry displecement
step iz exactly the time required for the dis-
placement to reach its maximum value Yo

The method of selecting the input dise.
placement defined by Eq. 10 is of interest. Am
inpat was sought that would represent the char-
acter of an asbrupt “rensient disturbarce after
i1t rad passed through and had been "filtered"
by the foundstion structure thai supports the
mounting system under censideration., Now, when
the base of a single-degree-of-freedom (mass-
spring-dashpot! system is subjected to a right-
angled step displacement x{t) = L3 +the resul-
tunt displacexent % of the system mass is
Zlven [1] by the equation

PRNERS A
-~ ifs / H N
X X {L+e l(“F/AF> sin Apupt

Lt} , (32)

-
-

~ cos &

where wp is the natural freguency of the
system, EF is its damping ratio, and

2% (13)
’q

Although this would seem to be an appropriate
input disrlacement, it is not physically resal-
istic 1] because its first time Jdesivative
-vﬂloc:.ty" is discontinucus and its secend
derivative ‘mccelsration) ig infinite at the
time origan. Hewever, if the sine term in

Zg. 12 is reversed in sign, the wavefecrz is not
greatly changed, yet %, is then zerc end ¥, re-
zajns Cinite at the tiZfe crigin, Further, *for
all but large velues cf ®°_, the equaticn may o
sizpli©®ied as folicws:

- TFET L.
X, = x 12 *. sin

ol 7

o
{
o
3
+
ot
e
o
"

14 is readily sean that this dizrlecer
~

valu

equation that 3irectliy srecili
e tirze, crs"q..e..u , Srem e, 11,
ole to write that

par p.
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% ¥

; 7 e T 3, wo
_Ej uﬁ’ from eq 1"’ that

N -6‘.7m0t

3 (1-e (5g8in o ticos yw t)]

; %1 = *nax ~OpX a8
E Q+e *)

g

From this equation, by placing &p = 0.25, the
: oscillatory displacement step of Eq, 10 was
defined directly.

To conclude, the maximum values attained
by the velocity and acceleration waveforms of
the input displacements of Eqs. 8-10 are
listed here, becanse these values will be re-
ferved to when the :ffectiveness of different
shock mounts in protecting the contents of M
fros damage is compared. Thus,

2 (il)m = 0,36785 L.
- (rounded step)

._ .22
ml’nx =7 S max

MOl

(19)

Rounded Step Input

GabiEArbl i h TR LY b ot feik o

-:-2— = {1 - e'ﬂot[A(ymot) + Bl ¢ e’sﬂ“bt(c cos Ao t + D sin An“’ot)} ,

/2 A\ -~ 0 nn
- o
(%) inax 05108 7u°x

(rounded pulse) ;
(gl)m = 3,69453 72m§xm

{20)

asd
(il)ux = 0.,%5082%5 YO Xoay

(nscillatory ctep).(21i)
(11 )m = 0.72977 72m§xm

TRANSIENT RESPONSE OF THE LINEAR MOUNTING SYSTEM

The transient response of the mounting
systen of Fig. 1(a) is dercribed at this point
to provide a basis against which the nounlinear
results of the following section can be compared.
Closed-form expressions for the response x.,(t)
of the mounted item M to the three input dis-
placeserts under consideration can be obtained
by the methods of the Laplace transformation
f1}. The velocity- and acceleration-time re-
lations for M follow directly by differentiution.

X (22)
X
ﬁiZ_ = (re ™o [AGmt - 1) + B] + 6 K%, (23}
O BaX
% 2 -y t = o Tt
: = {- Ao t) + (B-28)] +Ze "K'}, (2k)
where
Q 2.k
AR = - BR) s (25)
A= (1-5%), (26)
B={(1+Cj, (27)
o= ((mn - can) cos A t - (D6, + CaC) sin bgectd (28)
and
E= (B ain byt + F cos Anmot) . (29)

27
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In these equations,

e

e - b1 2Dy
-{JL‘RAR D(l -R],

. ?- * 8 3
F: -{¢c(1 - 2$R) + 2D E ALY,

Pe(Fesy v
Rounded Pulse Input

- SRwot

X,
2 2 S ORIV 2
-; = {e“fuy{e” ™% (Al £)° + Blro k) - Cl + e (C cosagw t + D sindgm t)]

x : -
= x‘ = ('ezlh)[?e'7uot[-A(r.o°t)a + {2A - B)(mot.) +(B+C)j+9e E’R‘”ot‘} R
O max

and

o0

X, o .

L = (/)P (AL )7 - (A - B)(yu ) + (2A - 2B - C)] + E& %",
L X

2 max

where A, 9, 5 E, F, and T are defined as before; out now

B =8P - 98p) 2,
C= 272(27553 - 3>72 +1) r s
and
D= 2°0°0 - z&ﬁ) + 37253 -3+ 5R](r3/AR) .

Oscillatory Step Input

x
2 . ~0.2570 t X B t
o = [0.68684 + ¢ o (A cos 7u.ot+B sin wot)-e 0" (C cos Bz t4D ain Aamot)] ,

x o
- xz = {e-0.25 70" (P zos ro b - Q sin not) -8 e-anwot] »
o max

(30)

(31)

(32)

(33}

(3s)

(35)

(36)

{31)

(x8)

(39)

(»0)

(h1)

(42)
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and
k.a ;=028 W b Y in
et = (&7 o [«7{Q + 0.Z5F)eon yw t + 7{C.
2 [<]
o’x
C max

vhere 6, 5 E, ana F are definel as before; but now
A= 0.3uskz T (1625 7° - 2) + Bpr(2.125 oF - 8.5 87 + 21,

B = 034342 T [(1U63T5 77 - 0.5) -57(3.98428 /¥ + 2.125 8y - 0.5)] ,

C = 0.729T7 727 (1.0625 4% - 1) ,

and

= 0. 72971 7°1/8g)(1.0625 7%y - 0.57 + &) .

In these equations

P=7(B - 0.254) ,

Q = 7{0.25B + A) 3
ad

T= [(1.12801 7,. «1.875 72 +1) -5 (1..0625 72 - b,25 78 + 1)]-1 .

Representative calculations of the tran-
slent responses that the foregoing e4uations
prediet for the linesr mounting system are
plotted in Figs. 10-13. The first two figures,
shich were obtained for the rounded step input
and values of the damping ratio Op = 0.05 and
0.5, show how the oscillatory motion of the
munted itsm is reduced in amplitude and
duration by large mount damping dbut, for
sbrupt displecement steps, hov this damping
introduces a predosdinant acceleration peak that
occurs vher the foundation displacement is still
mall. In fact, when the dreping ratio js large
and the rise time of the rowmded gtep is short
{7 large), this pesk scceluration becomes
directly proportional to 5& and 7 as follows:

("xz)nx = z:'lyﬁkmﬁxm = 23180 x /v
{rounded step) {51)

Although the maximum displacement of the
nounted iter is smullest when either (a) the
damping ratio is larye, or {b) 7 is not large
(the half-period of vibration T/2 is comparable

{(43)

(483
{89)

(50)

with or less than 1), the maximum relative dis-
placement betweer M and the foundation 13 of
the sare order of magnitude as once r is
grzater than about 1C. Even mount damping
does not significantly reduce the maximm rela-
tive displanement when ¥ is large.

Figures 12 and 13 show ihat M responds to
the rounded pulse and oscillatory step input
displacements in like manner tc theil predicted
by the curves of Figs. 10 end 11 for the
rounded step. Only the displacexent curves of
Fig. 12 differ basically from those of the
accompanring figures. Thiz is because, after
the routiled vulse has terminated, M oscillates
about its original undisturbed position rether
than about a level displaced from it by the
finel step height of Xy, or C.6858 ’ﬁnfx In
this situstion, the displacement of M is
smallest shen 7y is large becsuse the excursion
of the foundation hzs then reached the value

and returned to zerc before M has moved

appreciably.

Because Figs. 12 and 13 were calculated

for a value of &p = 0.5, predominant accelera-
tion pesks are evident in both figures; more-

over, the peak accelerations of M, to which
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Representative caleulations cf the re-
spenses oF ‘he nonlinear mounting system of

Fig. 1:b} to ~he rounded ctep and rounded palse
input displacer nte are plotted in Figs. 1L and
15. T%= recpotise of the system to the cseillaw
tory step input is not shown because the acceler-
ation waveforms, in particular, are irrezular
and cverlappiny and are diffis 14 to plet con-
cisely. Herz. and subseguenil,, the lamping
rat.s is assumed to saitceh toeani-fro betwee-

the valuss of %, = © = 3,5 ari ‘q = WLICEN |

as *he ragnitude of the relative velocity across
the aashpot termingls varies, In s.t, the
curves of Figs. 14 und 15, and the dashed-line
curvas of the subsequent “far-gs, have been
obtained by numerical inte. ration of the
follovwing nonlinear 1ifPevential equation of
acticn that emboldies the duasl-phase Zamping
characteristic of Fig. 2:
N A

This equation, in whic: &, is defined by Egs.
4.6, ha, becn integrated mumerically by digital
computer using the sudroutine asscrided in

Ref 11.

As coepared with the corresponding linear
results of Figs. 11 and 12, the greatest .:ffects
£ syrtem nenlinesrity in Figs. 1k and 15 are to
riduce the maxirum velocily and, particularl,
the maxinum acceleration of M for all but the
smalier values of v consideysu, The sasc
comments apply when the linea: and nonlinesr
responses of the mountineg -ystems 40 the oscillae-
tory step input dinplacement are cl.pared., The
“lerxs"” in the acceleration wuveforrs of Fi
1L and 1S mark the onset or campietion of a
change in magnitide of the ldamoing ratio.

]

3

as arc the mevirum valvea of %, and ¥,., Actually,
the ronlinearity reducts the méximun Values of
%o for all but *he smaller values of y con-
sidered, alinouxgn L= maiimur velues of ("l - xe)
are increased; in fact, when » is large, these
maximur values reach a level = L

lote that, when the nonlinear system ig
subjected to the roundec step input, its dise
placemsnt response exhibits remarkably little
vrershoct., Also note that the aonlinear dampe
ine has snly small influence on the period of
vivration of the mounting system as compared to
the large changes in period observed previously
.11 when the effect of nonlinear mount stiffness
nn systen response was determined, Here, the
rewnting system renains linear until 7 is
sufficiently large to cause the value of the
relative velocity aercss the dashpot to exceed
2.¥uay (Fig. 2); previously, the influence of
nonlinear mount stiffness was aprarent for even
z~all values of 7 < 1.0,

COMFARISGN OF MOUNT PERFORMANCE

The response of shoex mounts to input
transients can conveniently be compered by ref-
erence to curves such as those of Figs., 16-27,
which plot Shock Displacerment Ratio, Relative
iisplacement Ratic, Shock Velocity Ratio, and
Sheex Acceleration Ratio, as functions of the
parameter 7 {the ratic of the half-period of
the mounting ssstem to the rise time t of the
input step displacements, or the duration 7 of
the input pulse). The performance of the non-
linear shook mount cons’dered in the foregolng
section, for which 0.1 £ & < 0.5, is contrasted
in these Tigures with the performance ¢* lineer
mownts for which &g = ¢.05, 0.1, ard 0.5. The
figures repragent Jdesign curves analsgous to
the familiar transmissibility~frequency curves
that describe the performance of antivibration
mountings. The values of y are such that the
rise _imes and durations of the steplike ard
palselike transients are conseentively musi.
larger than, of the same order ss, ana much
shorter than the haif-period of nacural vibra-
tion of the mounting systems.

The sheek displacemant ratio {SDR) and
the shock acceleration ratio (SAR) are simply
defined vs the ratiss of the maximys dizplacea
ments and sccelerations sbove and helow the
shock mount. The ra2lative displacement ratio
{RDR) is the ratic of the maximuc relative dis-
placement across the system tc the maximum
value X,o, Of the steplike or pulselike .is-
vlacement of the frundation, the maximum velo-
cities ani acceierati-ns of shich are specified
by Egs. 15-21. To zminimize the risk of camage
te the centents of the mounted item, it is
desiradle that the foregoing ratlios should be
small simultanecusly, although these are Qon-
flicting requirements {17 that cen cnly partially
e reconciled for the linear mounting system.
Notwithstarding, the present use of aual-phase
damping makes possible the Joint reduction of
SR and SAR, altt_ugh a sirultanecus reduction
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in RDR is ‘.ct possible. The shock velocity of dusl-phase damping provides the lowest
ratio {3VR), which is referred to here for values of SDR at all values of s greater thar
cwnleten—s;, ig defined as the ratio of the about 2.5. (For smail values of 7, the dashed-
maximum velicities akove and below the shock line curves coincide with the full-line curves
mount, liote that, in Figs. 15-27, the full-line for which 5. - 0.5.)
3 curves :ba’ izscribe the transient response of R
the linear mounting system cf Fig. 1{a) have For both steplike and pulselike input dis-
broader significance than described by the placements, the RDR curves of Figs. 1'+21 show
figure csptions. For exanple, the SAR curves a like depondence on 7. The greatest difference
can be visualized as 3IR curves for input dis- in level between the curves occurs at inter-
ulaceu'?nts defined by the same 2quaticns as rmediate values of 7 since, for either small or
these that define the accelzration pulses of large values, each RDR curve monotonically
Figs. %, 7, and “. Alternatively, the SIR approaches the limit of zero or unity. Only
curves can be inverpreted as SAR curves for in- in tnese figures is the performance of the non-
Put accelerat.ons Zefined by the same equations lire~~ mount less satisfactory than that of the
as these <hat govern the input steplike and iinear mount for which = 0.5. In fact, as
pulselize iisplacements of Figs. 5, 7, and 7. the value of 7 increases, the RIR of the nor-
lirear mount changes in level from tliat of the
cunded step in- linear mount for which & = 0.5 to that cf the
s a-’d the os- mount for which = 0.1; however, the actusl
otted in Figs. 16- increase in magni de is not large since all
s is small, the curves are then approaching the same upper
value of unity. When limit of unity (meximum relative displacement =
Ty s £2r the Iinput steps x ).
attair that are generally max
sreater ity 3 however, the SIR curve for Comparison of the shock velocity ratios
the —uls creases te # negligitle valuz since of Figs. 22-2b shows that the velocity of the
the dizplacament of the foundation has then pulselike input displacement can be isolated
peaked ani veturned %¢ zero belore the mounted more effectively, by both the linear and non-
itex M haz mcved appreciably. Figures 16-15 linear mountings, then can the velocities of
illustrate <he fast that only for input tran. the steplike inputs. For the input steps, the
sients <ha* are puiselike, or have other shapes shocy velocity ratios are influenced cnly to a
with reletively small low-frequency Fourier com- small extent by changes in value of op;
ronents, can the 3ispl acezent of ¥ be reduced further, the nonlinear mount proviaes the
by resiliens rgunting. in each figure, the lowest walues of SVR at 2zssentially all values
dashed-iine curves clearly indicate hcw the use of 7. For the input pulse, the nonlinear mount
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Fig. 2k - Shock velocity ratios of
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Jected to the oscillatory step dis-
placement of Fig. Q.
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ohen .~ ¥ and the next and each curve then fclls off at the rate of
in fact, for large 6 dBfoctave; thus, the maximum accelerations of
re nonlinear mount ¥ are proportional te 7 (Egs. 51-53}, whereas

. and 15,5 4B below the the maximum accelerations of the foindation are
. 22 and 2L, A1 SVR proportional to 92 {Eqs. 19-2%1). Because the
ate of < 33/octave when accelerations of M are also proporticnal to &y
when » is large {Egs. 51-53), the SAR curves
¥ the stepe for the three valiuzs of considered here take
1ire an are plotted the same relative levels in each of figs. 25-27.
- =5 levels of These figures show that the nonliresr mount with
iR crier unicy dunl-phase damping effestively pravides both
+ke levels <f the the lowest SAR when y is small {SAR curve is
ively reducet oy soth ecircident with that of the linear mount for
~.nts when - 18 lurge, which ®z = 0.5 and a very low SAR when y is

4
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linear mourt for which %R = §,1 and, therefcre,
is 14 dB below the SAR curve for which f = 0.5,

SUMMARY

The advantages of shock mounting lie pri-
marily in the reduction of the acceleration of
the mour.ed item M that results., Resilient
rountin: must introduce relative displacerent
between !t and its foundation--and, coxmonty, the
absolute al splv,:,emex.u of M is increased us =ell,
The curves of Figs. 16-27 demonstrate how a non-
line. » shock mount with dual-phase damping can

be extremely effective in simultaneously relducing

or minimizing the displacement and acceleraticn
of M, and its velocity, for all but small values
of y, a parameter that is proportional to tne
reciprocal of the rise time or duration of the

input transient, Althouch the nonlinear mognt
is eleariy more effective than any of the linear
shock rounte consxdnrtd, its performance remains
bl.hllllr e LﬂUll‘b \dlld o d.J..L 'JLH!':!' SHULK KXIOUH’AS}
in that {1 its SAR and SVR are of the order
unity when , ic small, and (2] its RDR approaches
- the value unity when s Is large,
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INTERACTIVE OPTIMAL DESIGN OF SHOCK ISOLATION SYSTEMS

W. L. Pilkey
University of Virginia
Charlottesville, Virginia

A computational scheme is described whereby an optimal shock isolation
system can be interactively designed. Primary design criteria and con-
straints are assumed to be physical variables, e.g., rattlespace require-
ments and peak acceleration of a fragile package, while uther factors,
c.g., cost, are acceptable as secundary criteria. No restrictions
regarding linearity or passivity are placed on the isolator. Character-
ist s of the theoretically optimal design are automatically generated and
digplayed for a prescribed shock environment. The designer then con-
versationzlly selects isolation elements and parametors which lead to a
system that behaves aimilarly to the theoretical optimum. The computer
program, which can be implemented on remote desk-top terminals, then
permits the user to study the sensitivity of nis design to changes in design
parameters and shock environment,

INTRODUCTION

Cptimal design of shock isolation systems
has been the subject of many papers {1]. In
addition to the trial and error procedures,
including automated computational search
techniques, to determine near-optimal isolator
configurations and parameters, a design ap-
proach involving the theoretically optimal
isolator has been proposed. With this method
various properties of the optimal isolaticn
system: are computed without regard to specif-
ic isolator configurations. Design configura-
tions and accompanying parameters can then
be selected 3o that the response will approach
these theoretically optimal characteristics.

It is usually desirable to introduce numer-
ous considerations, often wholly different from
the primary design criteriz, into a rational
design. However, automated design frequent-
ly precludes the consideration of all but those
criteria that can be expressed in functional
form. The designer is effectively excluded
from the design loop. In contrast, the optimal
design procedure proposed here permits the
designer to introduce any number of secondary
design criteria. This is an interactive compu-
tational scheme wherein the designer remains
on-line with the computer as the design
proceeds.

Primary design criteria are assumed to
be physical variables such as peak acceler-
ations aad rattlespace requirements. Once the
designer provides these design criteria and the
time history of the shock disturbance, the
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characteristics of the theoretically optimal
design are automatically computed as the
solution to @ mathe matical programming
optimization protlein. Up to this point nu
restrictions with respect to the isolator con-
figuration, including linearity or passivity,
are imposed. The designer then selects a
trial isolator configuration with a set of pa-
rameters. The program computes the re-
sponse of the proposed design and compares
graphically the resulting design criteria with
the theoreticaily optimal criteria. A graphical
comparison is also made of the time histories
for the trial isolator responses with the theo-
retically optimal time responses. These two
comparisons provide the designer with a quan-
titative and quzlitative, respectively, measure
of the optimality of his design. The designer
may then interac with the design process to
choose better Jesign parameters or other
isclator configurations. He may also impose
other design criteria, e.g., cost, availability,
reliability, maintainablility, and intangible
factors ~ rived from past design experiences,
by intry .ucing appropriate considerations into
his selection of parameters and configurations.
Furthermore, the procedure set forth here
permits the designer to automatically examine
the sensitivity of his design to changes in pa-
rameter values and to environments other than
the one for which the design was based.

INTERACTIVE CPTIMAL DESIGN
The problem is to select suitable shock

isolators for a mechanical system (Fig. 1).
The multitude of considerations which must be
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Fig. 1 - Multiple Isolator System

factored into an acceptable desiyn appear
overwhelming at the outset. We suppoese that
the most importaat design criteria are phys-
ical responses. For example, the designer
may wish to choose isolators suck that the
peak acceleration experienced by passengers
in a vehicle is minimized while the displace-
ment cf the passenger relative to the vehicle
or surroundings is bounded. On the basis of
these types of response criteria, it is possi-
ble {1} to compute characteristics of the theo-
retically optimal isolators for complex, mu!-
tiple isolator systems. The interactive
scheme proposed here takes advantage of
these characteristics in designing shock
isolators and permits other design criteria to
be introduced. We choose to discuss the ap-
proach by considering the design of a single
isolator system. Although the single isolator
is selected for illustrative purposes because
of its simplicity, the importance of this model
is underscored by an indication [1] that it is
possible to design a multiple isolator system
one isolator at a time.

The interactive scheme is diagrammed in
Fig. 2. To consider the approach in detail,
we begin with t..e single isolator system of
Fig. 3. Suppose the primary design objective
is to choose, for a specified shock disturbance,
an isolator that minimizes the peak acceler-
ation of the mass while bounding the relative

s

:'zt) i

Fig. 3 - Single Isolator

a 1
[ e |

dispiacemeni. Thus, ios & given ifi) (%6 iec-
iator is to be chonren ao that

max | £]
t

is minimized and

max ix! € X,
t

where X is the prescribed bovnd on displace-
ment.

A computer program is then used to com-
pute, on the basiz of this problem statement,
the characteristica shcwn in Fig. 4 and Fig. 5
for the thecretically optimal isclator. Tae
curve in Fig. 4 provides the limiting perform-
ance index for a range o constraint values.

Piescribed Constraint

/ Level (X)

)

€

/ naxidl

v

Theoretically Optimal
Isolator Performance

Normulized Performance Index
(m?x tas

[}

]

]

1

1]
-

Normalized Constraint (mgx lzl/mgx i11)
Fig, 4 - Theoretically Optimal Ferformance

Sorrorx

time
Fig. 5 - Theoretically Optimal Time Response

For a given constraint value X, it is not pos-
sible for an isolator to be designed for the
disturbance f(t) that would exhibit a peak accel-
eration less than the value indicated by the
intersection of constraint X with the theoreti-
cally optimal isolator performance curve. Fig
5 shows a time respoase history for a theoret-
ically cptimal isolator at a designated
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Fig. 2 - Optimal Design of Shock Isolation Systems
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constrant level X.

The designer next chooses a candidate
i: olator configuration with candidate values of
design parameters. The selection could be
passive, active, lirnear or nonlinear, Thus, in
Fig. t a linear spring dashpot combination is

Fig. 6 - Candidate Isclator Configuration and
Design Parame.ers

chosen with particular values of k and c. The
peak acceleration, peak relative displacement,
and responses in time are computed for this
isolztor by integrating the equations of motion
of the sysiem and are superimposed on the
displayed theoretically optimal characteristics
of Fig. 4 and Fig. 5. The designer then sees
curves of his own choosing similar to those of
Fig. 7. The performance curve provides a
quantitative indication of the desirability of
his candidate design while the response curves
give a qualitative raeasure.

The desizner can then recycle the design
by selecting 1.ew parameters and, if necessary,
a new configw.ration tc obtain an imprcved
isolator. In so doing he can introduce any
number of sercondary criteria into his selection
of candidate hardware. Such criteria include
availability, cost, maintainability, reliability,
and even human factors. The successive can-
didate designs are automatically plotted on the
theoretically optimal jsclator displays. Typi-
cal performance points are shown in Fig. 8.
The trends observed graphically of successive
trizl designs assist the user in selecting the
candidate design for each cycle. Naturally the
theoretically optimal characteristics are
stored and need not he recomputed for each
iteration in the design.

After an acceptable, near-optimal iso-
lator design is chosen, the designer may wish
to perform a sensitivity anziysis., This is
accompli shed automatically by programming
the design scheme to compute p2rformances
for variations in design parameters and input
disturbances. The results of such perturba-
tious are then superimposed on the already
available performance information {e.g., as
in Fig. 9) and displayed. If the sensitivity
characteristics of the caudidate design are
satisfactory, the design is considered com-
pleted. If not, the iterative design mode is
reentered and new candidate designs
considered.
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TECHNICAL DISCUSSION

The technology for characterizing theoret-
jcally optimum shock isolation systems is well
documentec in Ref. 1. Those porticns of a
mechanical system that are to be designed,
e.g., the isoiators, are represented by time
varying forces. The optimization problem of
finding these forces for which system con-
straints are satisfied and the performance
index minimized is one of mathematical
programming, Performance index-corstraint
tradeoff curves are found by solving the mathe-
matical programming problem for a range of
constraint values,

In general the optimization problem falls
into the categury of nonlinear p:ogramming,
which is difficult to treat, even computationally,
for large systems. Some systems of limited
degrees-of-freedon can be handled with dy-
namic programming. However, if those
portions of the system that are not oeing
desigried are linear and the overall system
kinematics is linear, the problem is one of
linear programming for which efiective, large-
scale, efficient computer programs are avail-
able. No restrictions with regard to linearity
are placed on the isolators.

A problem-oriented computer pregramn for
determining the theoretically optimum per-
formance for multi-degree-of-freedom dy-
namic systems under arbitrary transient
disturbances is now being prepared for NASA/
Langley Ly the University of Virginia. This
program wiil provide both the theoretically
optimum response time trajectories and the
performance index-constraint tradeoff dia-
grams employed in the interactive design
sch=sme,

The theoretically optimum isolator can be
achieved with simple graphical techniques [1]
for single-degree-of-freedom isolators.

IMPLEMENTATION

The optimum desiyn scheme is ideaily
suited for impiementation on an on-line

$1

computer graphics capability., It caa also be
fully implemented on standard time-sharing
computers with remote ;» rtabl- terminals.
This vas accomplished for single isolator
systems. The theoretically optimum isolator
characteristics for design criteria chosen by
the designer are autornatically generated using
the graphical method. These characteristics
are then stored and retricved #s needed during
the comparisons with candidate isolator
designs and the sensitivity responses. Numer-
ical integration of the equations of motion for a
design concept permits the determination of
the responses of a generic isolator configura-
tion with arbitrary disturbances. The user can
com.pare the performance of candidate designs
with the theoretically optimum performance-
constraint tradeoff diagram or with the theo-
retically optimum time reuponses or with both.
The complete design scheme is controlled using
a problem- oriented laiguage.

Various near-optimal iscla.ors were
designed with the program. Frum the stand-
point of primary design criteria, the results,
as expected, were comparable to the non-
interactive procedures described in Rei. 1.
However, with the interactive approach,
numerous secondary ciiteria can be easily
factored into the design.

SUMMARY

A versatile computational scheme for the
interactive optimal design of shock isolation
systems has been outlined, Near-optimal
designs are selected such that isolator re-
sponse characteristics approach those of the
thecretically cptimal design., The designer is
perinitted to introduce his experience into the
design as well as multiple design criteria and
constraints, A port design sensitivity analysis
option iz also pruvided the user.
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DESIGN OF HIGH-PERFORMANCE
SHOCK ISOLATION SYSTEMS

Ronald L. Eshleﬁ&n

IIT Research Institute
Chicago, Iliinois

Sho~k isolation of fragile systems from high frequency ef-
fects generated by high loading rates and/or random multi-
frequency input displac.ment signatures requires the use of
new design techniques and procedures. A fundatental phy-
sical understanding of the shock isolator's dynamic behavior
provides the basis for these techniques. These design nro-

cedures and techniques were developed and utilized in a

recent study for the Space oud Missile Systems Organization

" {SAMSO) to evaluate classes of mechanical shocx isolatcrs

with respect to their function in a specified shock environ-
ment. This paper describes these techniques and procedures
as they apply ti¢ the design of high-performance shock iso-
lation systems. The specification of shock environments

is discussed in general terms, and the environment is 3pec-
ified by a pulse. Isolation systerm performance criteria
are prescribed in terms of equipment fragility levels and
rattlespace. Isolator concepts w:th long stroke capability
ugeful in shock applications are described. The procedures
in modeling isolators and shock-isclation systems for anal-
ysis and experimentation utilize distributed parameter des-
criptions. Analytical and experimental techniques for use
on the sel.cted models are described. The experimental

and anclyti.:al results of this paper show conclusively that
single degree-of-freedom models cannot adequarely simulate
isolator behavior. The isolator must be nodeled as a
multidegrec-cf-freedom system having distributed mass,

’
PN

revedetin

damping and elasticity.

INTRODUCTION

Shock isolation of fragile systexs
from high frequency effects generated
by high loading rates and/or random
malti*requency input displacement signa-
tures requires special design techaiques
and procedures. A fundamental physical
understanding of the shock isolator's
dynamic behavior provides the basis for
these techniques. The subject design
procedure utilizes a judicious comb%-
nation of analyses and expariments to
develop and/or select the jsclator and
the system.

The design philosophy of this ?aper
was Jdeveloped from a recent study 1}
for SAMSO. Classes of mechanical shock
isolators were evaluated with respect
to their performance in a specified en-
vironment. This study verified analyt-
ically and experimentally that single

53

degree-of-freedcm models sannot be used
to simulate an isolator's dynamic be- <
havior. The isolator must be medeled K
as a multidegree-of-freadom system

having distributed mass, damping and

elasticity. The mathematical models of

pertinent shock isolators, uced for ex-

periment and anal:sis, are included in

Appendix A. An examrle design of an

in-silo shock isolatiun system is given

in Appendix B.

The subject design procedure is com-
pored of the following related steps.

e Environment and performance
specification.
® Conceptual design,
® Isolator and system modeling.
¢ Dynamic response analysis. :




i
K
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® System parameter optimization.

o Experimental characterizatioen
and verification.

The initial step in any design pro-
cedure is the sp¢cification of the sys-
tem environme  and the statement of
the system perrormance requirements.
The system environment is specified in
the form of a displacement-time pulse;
the performance requirements are given
in terms of rattlespace and equipment
fragilicty levels. The conceptual de-
sign of the system configuration and
of the shock isolators provides the
basis for the shock "<olation system
development. The c.iceptual design
stage of this process is largely an
innovative proc.ss, and, therefore, its
success dencuds on the ingenuity of the
engineer. The isolator and system are
modeled for mathematical and/or experi-
mental analysis. In addition, this
model is utilized for » system parameter
ogtimizatinn. Mathematical models of
the system simulate the configuration
kinematics, global response, and the
mass, ‘elastic and damping properties of
its isolators (local responseg.

Experimental models are designed to
characterize the isolator's dehavior
(if it is not known) and to verify sys-
tem performance. The dynamic responsz
analysis simulates the action of the
shock isolation system under its pre-
scribed environmental conditions. The
quality and detail of the simulation
will be dapendent ou the analytical
technique employed. The modeling and
analysis taskd are related intimately
to- determine the resulting simulation.
System u.~"meter optimization yields
the best system under the constraints
imposeu. These constraints may include
rattlespace, isoldror type, isolated
item size, etc. Experiments described .

‘herein are on scaled versions of .the

system, They are utilized to determine
the physicai characteristics of ths
isolator including its force-motion
description. The final step in this
grocedure is the scale model experi-
aental verification of the systea'stg:r-
formance. The ensuing sections of
paper describe these procedures and
techniques in detail.

ENVIRONMENT AND PERFORMANCE
SPECIFICATION

A shock enviromment is characterized
as a disturbance ---displacement, vel-
ocity, acceleration or force -- whose
duration is short relative to the
characteristic period of the system.
Equipment, personnel and systems are
subjected to many types of shock
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environments, which are categorized for
transpurtaiivn, manifacturing and wili=
tary applications, Characterization {2}
of these environments is available in
the form of shock spectra (response of
the system is a measure of its environ-
ment) acceleration-frequency envelopesn,
and force and motion-time curves. Up to
this time Jdesigners have found it most
convenient to use the shock spectrum
approach [3] which is simple and logical;
however, much detail is lost due to its
linear, modal foundatjons.

The analytical and experimental
techniques described in this paper uti-
lize force or motion-time curves. Spec-
ification of the pulse shape in this
manner has an advantage in that the res-
ponse permits simple verification of
compliance with specifications., The ex-
ample problem of Appendix B has a typi-
cal dis lacement-tgme characterization
(Fig. 1) of free field motion generated

‘-
2t
a
[
F
-
20
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25 % £°) e

TIME (sec)

Fig. 1 ~ Typical envirommental
shock puise

by a weapon detonation. Morrow [4] ax-
gues the greater value of force controlled
shock tests on the ‘basis that a better

"environmental simulation s obtained for

the degree of complexity of the test.

Of course, such a method is dependent on
the available data on the environmental
pulsé and on the impedance of the con~
tdining structure. One distinct dis-
advantage of this method is that only
small tolerances on the pulse shapes are
allowed because the rystem response is
very sensitive to pulse shape variations.
In the past, therefore, inveatigators
have not been eager to use this method
because of the uncertainty of the pulse
rise time:s, decays and magnitudes. It
must be noted, however, that increasing-
1y sophisticated instrumentation and )
better simulation tests have made this
method credible. In addition, sensi-
tivity analysis techniques allow cal-
culation of the sensitivity of the gys-
tem responge to environmental pulse
variations.
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Every isclator or its system has a
measure of performance and/or strength
of sirther lane ny chart-term duratiorn,
This measure commonly is called its
fragility level, Fragility is used as
a quantitative index of the function and
strength of equipment aubjected to shock
and vibration enviromments. The quanti-
tative index for fta$ility is expressed
in terms of a system's acceleration re-
sponse and is referred to in terms of %,
gravitational acceleration. The fragil-

ty level is steced in either a plot of
acceleration response as a function of
time, an allowable response pulse, or a
plot of maximum acceleration as a fune:
tion of frequency. A simple comparisun
of response envelopes to a stated per-
formance specification then shows the d
degree of systems conformity to design
specifications.

It is possible to use a performance

gon on the global motion of
the shock isolation system while having
constraints on the system rattlespace,
isolator performance, and any n r of
equipment responses. A satisfactory en-
vironment grovided to personnel and
equipment by the shock isolation system
is its principal function.

CONCEPTUAL DESIGN

The development of more sophisticated
electrical, optical and mechanical equip-
ment sensitive to high frequency effects
and the subjugation of such equipment to
dore gevere shock env ronments have
dictated a need for high performance
shock isolation systems. Stringent de-
mands for shock mitigation, therefore,
ure placed on shock isolation systems
that support equipment in missile launch
froilities, artillery weapons and trans-
portation devices.

In order to develop shock isoldtion
systems that meet these demands, system
and isolator concepts that provide maxi-
sum development possibilities must be
obtained. Cognizance of the fundamental
characteristics of shock isclation sys-
tems is essential to suaccessful concep-
tual design. The tion of any com-
ponent or szystem is constrained by its
conceptual design because optimization
tec es use the concert as a base.

(A variation of this theme is described
later in this paper). Since there is no
methodical way to synthesize concepts,
ingenuity and experience are necessary.

Experience has shown that selection

‘of a shock isolation system configura-

tion concept and a shock isolator con-
cept should have kinematic emphasis be-
cause the basis of shock isolation is -
ecntre’led. constant force motion.

85

More often than not, rattlespace re-
striects the degree of {solation of a

evetem, Minetic conciderations are im-
portant and can be handled within the
original kinematic constraints of the
concept. The pendulum shock suspension
concept shown In Fig. 2 is an effective

system configuration because it allows

External Facility

Chatn Link -
\ Attachment

~

platfore

Shock lsotator

Fig. 2 - Schematic of pendulum type shock
isolaticn system configuration

isolation in all directions. The pen-
dulus motion of the equipment mounting
platform provides isolation in the hori-
zontal plane, and the shock isclators
provide isolation in the vertical direc-
tion. This concept has many develop~
mental possibilities; damping and an-~
gular flexibility could be imposed at
the isolatorg, at the extexnal attach-
ment points and at the platform isola-
tor attachment point. A second system
configuration, shown in Fig. 3 (devel-
oped in Appendix B), suggests the use

.

Isolators

4
>

A
h A

<
L -
/
77777777777
t

Fig. 3 - Isolator support system

of mechanical isolators for isolation
and support. This system also has de-
velopmental posgibilities but is re-
stricted by successful isolator design.
The kinematic description (Appendix B)
of the spring-equipment system is essen-
tial in large equipment motions. In
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moest cases the larie motions of the shoek
tsolation system cause hinematic non-
linearities and, if possible, the prob-
lem must be alleviated in the conceptual
design. Otherwvise, these nostlinearities
cause difficulties in system analysis,
experimentation and optimization,

The corceptual design of new shock
isolators ‘based on definite system re-
quirement) has been rare up to this
point, because the requirements gener-
ally are not understood. During devel-
opment of an isolator concept, four
factors must be considered: function,
reliability, maintainance and cost,
Functional considerations should have
top priority. A high-performance shock
isalator has the following properties:

a long stroke capacity, a facility to
attenuate high-frequency environmental
disturbances and a composition that con-
trois the generation of internal -saves.
The last requirement implies that the
elastic and mass properties of the shock
isolator are proportioned with dumping
to control wave propagation and/or gen-
ervation: therefore, loc’ * damping with-
in the isolator is important. Most
commercially available isolators, which
are used for vibration isolation, are
short stroke inflexible devices. There
is a nezed for development of iong stioke
isolators. In order to achieve this
goal, a balance betrween stroke and
fiexibility must be attained; this avoids
bottoning of coils. Care must be exer-
cized to size isolators so that induced
loading rates do not exceed the isola-
tor's particle velocity; if this does
occur, a jump discontinuity similar to
a shock wave will result., Some of the
springs that show feasibility for de-
velopment into high-performance shock
isclators are discusised below with re-
spect to their working mechanisms and
their characteristics.

Helical Coil Spring (Fig. &)

i)

“7ig. & - Welfcal coll epring =

This is a good long stroke isolator
with, minima! local damping. Its working
mecnanism is the torsion of the coiil
ire. In order to use successfully the
helical coil spring as a highe-performance
shock isolator, its conceptual design
tmust be reworked to include local damping
other than material hysteresis.

$tranded Wire Spring gFig. 52

Fig. 5 - Stranded wire spring

The strarded wire spring is an adap-
tatfon of the helical coil spring and !
a high-performance shock isolator. Th
helix of the sgring must be opposite i
direction to the helix of the strands,
so that the strands bind together wher
the spring is compressed; this causes
coulomb friction forces between wire
strands and yields zood local damping
Its ferce-motion characteristics, how-
ever, have not bteen determined accurately.

Ring Spring (Fig. 6)

Fig. 6 ~ Ring spring

The ring spring, which depends on
circumferential tension and compression
of the rings for its working mechanism,
has excellent local damping properties
due to the frictiun betieen rings. The
friction force ie a function of digplace-~
ment, but the r spring has small dis-
placement capabilities. This problem
can be alleviated by stacking or
spliteing rings.
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Belleville Spring (Fig. 7)

AAN
W

Fig. 7 - Belleville spring

The washers that compose the Belle-
ville spring are stressed radially and
circumferentially to resist motion.
Many washers must be stacked to obtain
large motions. A nonlinear spring, the
Belleville spring can be designed so
that a hard to soft spring constant de-
sirable for shock isolation is obtained.
Local damping can be i-itroduced by par-
allel elements or contained fluids.

Liquid Spri Fig. 8

o j!‘
A

Fig. 8 - Liqut&3ptlng

This is gtobably one of -the most de-
sirable shock isolators aince it works
on compressibility of the fiuid. 1In
addition, its stroke is p rtional to
the volume of constrained fluid, ita
lccal damping is inherent and its wave -
g”rog:ptlon velocities are high. The

tor stroke can be long by designin
it with a large, flexibly structur
fluid reservoir. This adds to the flex-
1{bility of the device.

S

Pneumatic Spring (Fig. 9)
7 77777777,

Fig. 9 - Pneumatic. spring

The pnemnatic snring has characteris-
tics and a working mechanism similar to
those of the liquid spring except for
the lighter medium. It is an excellent
nigh-performance shock icolator as
comaercially censtructed, and its flex-
ibility can be adjusted by variation of
air pregsure. - }

Elastomers (Fig. 10)
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‘Fig. 10 --Solid elastomer

:: Elia tomeric elesents work on the

basis of materials in compression or
shear. They have tremendous ~ossibil-
ities for deve t into high-

rformance shock isolators because

th nmeterials and geometry can be syn-
thesized. The theeis of a material
to give optimum 1 damping is feasi-
bie, and the generation of a long stroke
capability through geometrical design
is possible.
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MODELING

Modelin% of dynamic systems often re-
ceives too little attention in design
and analysis, Specific fundamental re-
search in this area has been rare; how-
ever, data and grocedures on modeling
are scattered throughout many texts and
papers. Models are used to simulate a
process or function of a machine numeri-
caily and experimentally and to verify
the function of conceptual designs. In
this paper, experimental models are uti-
1ized to determine the response or natu-
ral frequencies of a system and to de-
termine the force-motion characteristics
of isolation elements. Experimental
models may range from full to subscale
sizes. Analytical simulation models
provide full-scale numerical simulation
of a shock isolation system's natural
frequencies and its response to environ-
mental disturbances. Models for the pre-
viously described shock isolation ele-
ments are included in Appendix A.

Digital simulation of shock isolation
systems is feasikle provided the concep~
tual design of the system is modeled so
that it properly simulates mass elasticity
and dawping. iIn the simulation process,
modeling error and numerical error are
important. Since good numerical techni-
ques cannot overcome a bad model . model-
ing error must bz controlled closely,.

In modeling the elasticity of shock
isolation syitems, the relative flexi-
bility of each component must be derived.
Often this means expressing the flexi-
bility of a component in terms of #n
equivalent length of beam, plate or other
structural element. A force motion curve
of a coT::ent is used to obtain basic
data. Through comparison of component -
flexibilittes, those cf higher order mag-
nitude can be modeled as rigid links,
while those of very low order megaitude
provide means of uncoupling portions of
the models. During the process of model-
ing flexibility, mass distribution must
be recognized. In mess modeling, com-
ponent masses are ¢ red with the total
systea mass. In mdeging mess and elas-
ticity, the information expected from a
simulation must be knowa, Natural fre-
quencies and mode shapes of linear sys-
tems are influenced by the relative dis-
tribucion of mass and elasticity.

Damping modeling is difficult because
the modeling method depends upon the way
in which a particular dawping force is
vetated to motion. The following cate-
gories and their mathematicsl descrip-
tion have been offered by Reed [5].

¢ Viscous cl%zé
2
e Velocity 02(3%) (sgn g—:-)
& Material- X
displacement c3]x] (sgn %f)
e Material- X
viscoelastic c&'x‘ (at)
e Coulomdb Cs
where:

x is relative dispﬁcmnt, %’-t‘- is

relative velocity, and cl are con-
stants.

Viscous and velocity damping forces
are common in isolators; both are pro-
portional to the relative velocity of
the isolator structure. Viscous damping
is commdn in fluid films and joints,
High-rate phenomena tygical of thisg
application are described by velocity
damping, which is p rtional to the
relative velocity of its internal
structure to 2 power.

hunear ehsg‘: ntetu}s exhu:git hgu-
placement damp roperties s that
the da11n; force i’. proportional to the
stress history of the material. Dis-

lacement damping, in which the force

s proportional to a coulowd friction
coefficient and the displacement can re-
sult from such isolators as a ring
spring, has been valuable in attenuating
h ghﬁr:z::ncy surge waves., Nonlinear
ruebbeg~ materials exhibit visco-
elastic behavior, in this case, the
danping force is proportional to the de-
formation and its time derivative. This
damping mechanis: is found in elastomers,
elastomer coatings, adhesives and vis-
coelastic structures. Coulomb friction
energy dissipation. the final dawping
mechanisn considered, usually occurs in
co:iajunction with the other damping mech-
anisms.

1f modal response techniques are
utilized, danping data must be described
as 2 function of system mode shapes. All
damping mechanisus then must be described
in the form of equivalent viscous dawping.
When a propagation analysis is performed,
a more exact hysical description (in
teras of mathematical functions pre-
viously described) can be used. This
latter method has distinct advantages
because it yields more fundamental in-
formation and is not constrained to
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linear analysis; therefore, it is re-
commended over mwocdal methods. The design
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tems requires that isolator models with
simulated distributed mass, damping and
elasticity be used, High frequency ef-
fects are simulated and local response
is obtained. The local bebhzvior of the
isolator determines its value to the sys-
tem.

For system global response, simple
lurped-parameter system models are ade-
quate. Past experience with isoletors
and isolation systems has shown that a.
cowbination continuous-element, lumped-
mass system provides the best prediction
of the response of complicated dynamic
sys;tems. The system is modeled into
stations, as shown in Fig. 11, in which
the station is composed of a continuous

&t © dansity c = damping t> ground
L ® lewmgth k =  lexibility to ground
A« aroe N = lusped muss

L = andulus of elasticity F(t) = environmeral disturbance
C* « distributed doaping

C = relative lumped,
parslle]l dasping

Fig. 11 - Model station

element and lumped mass. External springs,
dissipative elements and forcing functions
are permitted at each mass station, along
with relative lumped damping and contin-
uvous material dawping. As many stations
of this t{:e as are needed, or wanted,

to describe the isolation system proper-
ly are selzcted. This procedure for
handling complex miltidegree-of-freedom
systems hes n utilized by 1ITRI to

good advantage in ship shafting systema’6].
The full utilization of these fechniques,
including modeling of distributed mass in
avkward situations, is described.

Environmental disturbance modeling is
dependent on the selected analytical
technique. For modal analysis, the en-
vironmental disturbance is characterized
by a Fourier series, and each harmonic
term i{s utilized as an input functicn.
The regulting response is obtained b
susming the term~by-term response. For
a propagation aralysis, the input dis-
turbance is divided into finite time in-
crements, vhich are sized to the numerical
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integration steps. The size of the time
steps depends on proper description of
tha innut dicturbance =2e wall as atabil-

ity of the numerical integration routine.

Experimental simulation of shock iso-
lation system response usually requires
scaled system models. The example prod~
lem of Appendix B shows the process of
obtaining a scaled experimental model.
The shock 1sclation system’'s Isolators
are designed from kinematic considera-
tions. The dynamic characteristics of
the shock isolator are retained as analyt-
ically derived scaling reiationships
(given in Appendix A). These relation-
ships are obtained by making the systems
equations of motion nondimensional 77].
The resnlting nondimensional parameters
are scaling relationships that retain
important system parameters, even though
small-scale models are used; for ex-
ample, for a helical spring, the fol-
lowing relationships hold between the
model, M and the prototype, P.

where

N = nunmber of springs in coil
D = coil diameter

d = wire dizmeter

G = shear modulus
L spring mass

{l = natural frequency
M = isolated mass

For best results, the scaled model
should not be distorted by having dif-
ferent system natural frequencies. Note
that these two pavameters ensure only
scaled mass and e:astic properties; for
response scaling, damping and environ-
mental paraweters also must be con-
sidered. The example problem of Appen~
dix B was experimentally modeled to use
full-scale environmental in; : distur-
bances. A word of caution .. in order,
however, because it is not alway» vos-
sible to design scaled experimental
models, i.e., sections may become too
small to fabricate, the scaling of
damping, (and thus response) parzmeters
may not be compatible with other system
requirements and the scale model size
may not be compatible with available
shock test machines or fixtures.
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To analyze the response of shock iso-
lators and shock~isolation systems at
high louding rates, the fundamental force-
motion characteristics of the isolator
often musi be deterrmired experimentally,
This involves determining stiffness and
danping parameters as a fuaction of rate,
frequency and space. The discussion of
damping showed how these forces may vary.
It is importanc that experimental models
to decermine basic physical characteris-
tics are designed so that individual
forces can be separated according to
their working mechanism: For example, in
a liquld spring, the fluid damping force
should be found independent of the fluid
stiffness, or some method of analyzing
the data to achieve this goal must be
achieved. Data of this type are needed
if analysis that predicts system dynamic
response is to be obtained.

In conclusion, the design of experi-

_mental models depends on the distributed

properties of the isolator, the kinematic
properties of the shock isolation system,
the input environmental disturbance and
the available test machine or fixture.

ANALYSIS

The successful predictioa of shock-
isolation system and component respcnse
depends oa the avalytical technique used.
After the problem has been modeled, and
both the physical properties of the sys-
tem and the input loading determined, an
analytical tec 1cl|ue must be chosen, de-
pending on several aspects of the problem.

® linearity

o form of damping infermation
e mathematical form of -loading
o detail of response

Insight into this problem has been gained
from a SAMSO study and the resulting
point of view was formed.

First, good shock isolators are long-
stroke elements in which constant force
is sought., This fact more or less implies
nonlinearity of isolator damping and
stiffness properties. The rtant fact
is that linear analytical methodr are
seriously hampered this restriction,
which quickly rules out the use of modal
response anelytical techniques (since
they are tied to the linear combination
of wei;hted modal functione to derive the
system's resgonse). A propagation method
of solution from iaitial value definitiom
and system constraiunts provides a good
resgonse prediction because it is im-
plicitly a transient avalysis used to
analyze a transient phenomenon; i.e.,
shock. In this case, finite-difference

R S SRS B

or finite-element models of the system
are utilized tc perform the analysis,
depending on the size of the model. Of
course, solution stability must be con-
sidcred in the selection of a finite-
difference model. In highly nonlinear
systems, this is a problem and may be
more difficult than the solution of the
problem. In linear systems, a simple
relationship exists between the space
and time step size, depending on the
wave constant of the isolator. The sec-
ond important consideration relates to
the detail of the response -- a& suffi-~
ciently small time and sgace interval
must be used to predict igh-frequency
response effects. Finite-difference
analysis vorks well if the system analyt-
ical model can be simplified to include
a detailed description of the isolator
and a gross description of the shock iso-
lation system (Appendix B). Note that
there is no way to analyze a high~
performance shock isolation system with
a single degree-of-freedom model because
gge gigh frequercy response is not simu-~
ted.

In cases where the shock isolation
system's global claracteristics cannot
be modeled as an isclator and rigid mass,
a finite-element technique should be
used, Care must be exercized in model-
inf becausce very stiff isolators may re-
quire a large number of finite elements
to simulate lical motion and may, there-
fore, exceed the storage capability of
the digital computer. For linear sys-
tems, the first mode corresponds to the
global response of the shock isolation
system; the second and higher vibration
modes corres to the local respounse.
The propagation methods of analysis re~
flect this resutt. The finite-difference
18} and finite-element {3] techniques ha
have been well documented in the litera-
ture. Previous exgerieuce has shown that
there is ilittle utility in exact analyt-
ical metaods or linear anzlysis in de~
signing high-performance shock isolation
systems because of the nonlinear trans-
ient nature of the shock phenomencn.

Over the past several years, IITRI
has been ged in extersive studles
involving the optimun design of shock-
isolation systems. Available optimiza-
tion techniques{10], [1l]are based on
licear, nonlinear and ¢ programming,
which optimize a system of intercomnected
mechanical 2lements subjected to 2 time~
dependent input disturbance. During the
course of these inveatigations, a tech-
nology has been developed that is capable
of synthesizing shock~isolation elements,
so tonat some measure of syntem performance
(peak resoonsge acceleration cf some cri-
tical component) is optimized subject to
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prescribed response constraints on the

P
ensulng wotion {vattlegpace constrainee

across the terminals of the isolator
attachment points).

The scalar quantity Q is defined as
the performance index, a number that
measures the level of system performance
(the pzak ma.s acceleration). Optimiza-
tion of the system then refers to the

- process of minlmizing Q.

The capability of carrying out per-
formance optimization from two differ-
ert points of view is available: (1) by
determining the force-time characteris-
tics of the perfect isolation device,
which results in a system with the best
(lowest) possible Q, say Q*; (2) by
determining the isolator parameters
(spring rates, damping coefficients) of
a selected candidate isolator that leads
to a system, which performs in near op-
tim 2 fashion. The results of tue first
optimization problem provide the '"op-
timua performance linmit", which is the
lowest possible performance index Q*
theoretically possible among all possi-
ble isolator devices for the system
being considered. The results of the
second optimization probleg provide the
near optimuw: performance of the can-
didate isclator for the same system cori-
sidered in (1). The term "near-optimum"
is used because the candidate's perfor-
mance can never be better than the op-
timum value o; the perfect isolator
(i.e., @* <. Q7). The difference
Q= rovidee the margin of im-
prov t of the candidate isolation
device compared to that of the perfect
isolator. It must be emphasized that Q*
is used only as a guide for gauging the
margin of improvement available; however,
there may not be a passive device for
which AQ = Q.

In designing a high-performance
shock isolation system, we must optimize
concepts investigated during the study
with respect to their own design para-
meters go that the near-optimm perfor-
mance is obtained for*each isolator.
Further, the values of Q; should be such
that the comparison of each candidate
to the optimum performance limit of the
perfect isolator can be obtained. Such
a comparison provides a means for
judging the relative merits of the can-
didates to each other and to the best
:aimdidate from a theoretical point of

ew‘

EXPERIMENTATION

The success of any design technique
depends on the quaiity of the available
data. In the deaign of high-performance
shock isolation systems subject to high
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loading rates, the basic physical be-
havior of fluide and solids that form
the isolator must be characterized at
high rates if meaningful results are to
be obtained. Characterization of the
fundamental behavior of shock isolators
is performed by high-strain-rate testing
in order to obtain isolator damping aud
stiffness properties ce~irable in pre-
dicting the dynamic behavior of a sys-
tem.

The second important function of ex-
perimentatinon is verification and experi-
mental evaluation of the shock isolation
system model and/or prototype global and
local response. In performing a study
of this type, external disturbance is
simulated in a test machine or specially
designed fixture. The experircontal pro-
cedure for testing and/or evaluating
high-performance shock isolation systems
involves the following tasks. :

e specifications

® procedures

® equipment selection

o instrumentation and calibration
e specimen design

o data reduction and analysis

The environmentzal shock disturbance
is specified in terms of a force or
motion-time curve (“ig. 1). If a
scaled experiment is conducted, the
scaled version of -he shock pulse is
specified. The rattlespace and mounting
constraints are specified in conjunction
with the test machine selection, as are
the rates of loading and other paramcters
that affect the test machine. Finally,
the expected local response is noted so
that appropriate instrumentation can be
selected.

Test procedures depend on the nature
of the experiment. For force-motion
characterization of isolators, a series
of experiments is set up to obtain ne-
cessary design data. Damping and flexi-
bility characteristics should be sepa-
rated when possible. Usually several
parameters are held constarnt to determine
these characteristics or a series of
differen: models are used to obtain a
family of experimental results. The pro-
cedures used on verification tests are
simple. The model or irototype is sub-
jected to a known shock input distur-
bance, and the local and global response
of the shock isolation system are ob- -
served and recorded.

The selectior. of a shock test machine
depends on the test objective and the
environment that is to be simulated.
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The damage potential of a shock pulse
simulated by a shock test machine is de-
pendent’ on the nature of the equipment
subjected to shock, as well as on the
shape and intensity of the shock pulse.
A comparative weasure of the damage po-
tential of shock pulses sim:lated by a
shock testing machine can be obtained
by comparing the response of the testing
machine to that of a test standard.
Shock spectra of the shock testing ma-
chine can be examined. Shock pulses
applied to the test machine must be re-

- producible, and calibration of the shock

test machine for a given test must be
possible.

The electrohydraulic closed loop sys-’
tem shown in Fig. 12 provides a controlled
environmental : -2k pulse for the pre-
scxibed isolat. shock isolalion

E T g e o e F g e

W?&f; 12 < MES closed ioop » system

system structure and the isolated item
structure can be simulated within the
machine to provide a complete experi-
mental afimulatfon. The input pulse is
described digitally as a velocity-time
curve, This type of machine is re~
corrended for test because isolator
local response can be observed. The
machine also yields an rimental
simulation of the total shock isolation
system model and has the ability to
monitor the dynamic behavior of the
i{solator, the structure of the isolated
item or the structure of the shock isc-
lation system.

62

For the experimentsl characteriza-
tion 0f shock isolation elements, a
high-rate open loop machine can be used
to determine the desired force-motion
characteristics. The closed ioop type
machine is needed to provide an experi-
mental simulation 1f Yocal etiects are
to be observed, because local effects
depend on the shape of the input pulse.
The semicontrolled machine that simulates
the danm%e potential of an environwent
is useful only to check the global res-
ponse of the isolated item.

Exgerimental instrumentation equip-
ment is well developed and consists of
three stages., At the first level, pxi-
mary measurement is carried out by a
transducer that converts mechanical
motion into electrical signals. Trans-
ducers consist of strain gages and capa-
citance pickups which measure di‘s'glace-
ment, coils in a magnetic fleld which
measure velocity and piezoelectric trans-
ducers which measure acceleration. At
the second stage the signal from the
transducer is prepared by secondary or
modifying instruments for the third
stage, display of the signal on a cath-
ode ray oscilloscope paper, a recordexr
or magnetic tape. Modifying instruments
attenuate, integrate, modify and con-
dition the signal.

When possible, an actual isolator in
its system environment snould be tested.
If the test is a destructive one, a
replica of the actual device should be
tested. If the available test machine
is too small to allow a full-scale test,
then a2 subscale model of the type pre-
viously mentioned of the prototype should
be tested. Although it need not have the
same appearance as the prototype, a scale
model must behave in a manner similar to
that of the prototype.

In scaling f~r shock respc.ise, the dy-
namic characteristics of the protot
must be preserved. Two types of scaling
are possible, i.e., the use of either
dimensional analysis or nondimensional
mathematical system formulation. Di-
mensional analysis allows sclection of
pertinent system variables and, through
:‘léebraic procedures and fundameatal

ts (time, mass, length, temperature),
nondimensional scaling relationships can
be determined. In the second scaling
technigne the dynamic behavior of a shock
isolation system is described by differ-
ential equations of motion which are
sonverted to a form that is independent
of time, size, mass and temperature
(nondimensional) by usin¥ defined non-
dimensional variables. The equations of
motion are arranged algebtaicany so
that the nondimensional scaling para-
meters can be selected from them. These

i3
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techniques are documented by Murphy {12]
an¢ Harris and Crede [7].

Teai data may bve produced in varicus
forms, depending on tﬁe display or re-
cording instrument used. The oscillo-
scope provides a visual display, and
data can be recorded immediately and
rejected (with a camera). Oscillescopes
are best for cases that involve scenning
a large number of test parameters. Data
can be recordsd directly on a strip re-
corder or on magnetic tape. Regardless
of the method used, shock response data
usually must be ceduced and analyzed,
elther by sight, mechanical weans or
electronic filtering.

The objectives sought in data reduc-
tion are the removal of all nonessential
information, the retention of essential
data and the abstraction of the history
of some parameter {usually acceleration)
in a concise and useful form. The
characteristics of the function that
best describes the data should be de-
termined, and the reduced data should
be manipulated so that it can be corre-
lated with other signiiicant parameters.
The form of the reduced data can be dis-
played efither in a frequency domzin
figure or the response domain figure.

Data reduction in the frequency
domain is one cf many sophisticated
methods for harmonic analysis of data
waveforms. Harmonic analysis is carried
out by frequency separation, mechanically
by computer, or electronically; such
data reduction in the frequency domain
yields a shock spectrum. Data reduction
in the response domain is confined to
identification of response peak magni-
tudes and response wave shnges for given
environmental shocks. Specific effects
resulting from an input pulse can be
found by varying the system's properties
systematically. In linear systems, res-

nse domain data can he converted to

requency domain data, and vice versa
with some loss in detail of the response
domain data.

SUMMARY

The significant points reflecting the
subject philosophy, procedures and tech-
niques concerned with designing high-
performance shock isolation systems are
summarized,

o Environmental shock distur-
bances are expressed as
motion or force-time curves.

o Design s cifications are ex-
pressed in terms of system

rattlespace and {pment
fragilig; levels. Fragility
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levels are given as accelera~
tion response-time curves or
peak acceleration response-
frequency curves.

# Conceptual innovation of shock
isolation systems requires in-
genuity and a fundamental
knowledge of dynamic systems.

e Shock isolation system concept
innovation should have kine-
matic emphasis. Isolateors must
possess a long stroke capability,
a facility to attenuate high-
fr:quency environmental dis-
turtances and a composition
that controls the generation of
internal stress waves,

o While simple models suffice for
kinematic considerations, flex-
ible, massless spring models
are inadequate to kineticall
model higli-performance shock
isolators.

L) P;ugagation methods that begin
with ialtial conditions and
use finite~differences or
finite~elements are recommended
to analytically simulate res-
ponse.

o Scaled experimental mndels axe
acceptable: hewever, they should
be dynamically scaied, using
system equations of motiun.

o 1sclator force-motion charac-
teristics should be obtained
experimentally.

o Shock isolation system designs
should be verified experiment+
ally under simulated condi-
tions and envirunments.
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NOMENCLATURE

A = cross sectional area

A; = cross sectional area of inner ring

ovwel:b-<a'<nﬂnu'n§

cross sectional area of outer ring
Belleviile spring geometric constant
Belleville spring geometric constant
Belleville spring geometric constant
spring wire diameter

spring coil diameter

modulus of elasticity

storage modulus

loss modulus

spring shear modulus

Belleville spring free height
second area moment of Belleville
spring

gas constant

spring length

spring mass

lumped mass

nunber of apring coils

number of spring strands, auwber
of rings

pressuxe
mean radius of ring spring

local spice coordinate

Belleville spring thickness

local displacement

lumped mass displacement
environmental dispiacement

angle of taper of ccenical surfaces
gas constant

fluid bulk modulus

friction coefficient, fluid viscosity
Poisson's ratio

fluid viscosity

fluid density

system natural frequency
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APPENDIX A -~ ISOLATCR MODELS

DXNANIC SCAL ING PARNIRTIRS
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Fig. A.1 - Isolation system with helical spring
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Fig. A.2 - Isolation system with stranded wire spring
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it

o
i

Pt

%

66

s
SIEAUO Calittieh,

i

%
2o

i
sos b

Rk

FiE B Al

I

i e B AR S M e AT Haaed




XA e v R

BRI T S G RIS I PR AT b S S TR, DI A

R I W S B Mnm.mﬁam_ P G A g e e AR
c M

R |
2
5

)

I

!

I

:

;

.
o]
, g
! o
“ a
1“ 5
<
ol
sty
o
@
oo

: (]

i L
“ S

8 &
)
ne 0
- -]
- S
i M} i..
£ k4 m

: R =
, 1 " . e
3 ik; . -3
| o mu . )

; <T% '

<

1 - - ™~
M , E B I .

u s \A Q'A L]

. & g 9 - o

- 1

] . '

.

) !
.w .

+

!

. ) )
il \ 1
t
| .
(. ‘
i)

A
¥
- . DRrStey bty s g AR, Sl Py S SambeR ok

i Smrtadd B aa it e L8Nl A kel 2 i PR TR I A NN TN I




cL Lo bl LR Nt

APPENDIY B
SYSTFM DESION PROCEDURE: A SAMPLE PROBLEM
The following design tasks were com-

pleted tu evolve test elements, local
respoase predicting and a shock isola-
tion system.

Full-scale prototvpe design
Scaling relationship development
Subscale test model design

Local analysis

Model testing

2

full-scale prototype was concep-
tually designed for a shock isolator
element (helical spring) to provide a
basis for scaling test elements. This
design was evolved through the use of
typical facility data, shock isolater
characteristics and the 1SOLATOR com-
puter program (3 single degree-of-~
freedom model that accepts nonlinear,
dawped isolation devices). Dynamic
scaling relastionships were evolved for
the hetical spring from the mathemati-
cal models eof the pertinent shock iso-
lation sysztem. The scaling relation-
ships, tae prototype designs, the test
machine characteristics and the ele-
ment stroke-to-length capability were
considered in the design of the sub-
scile test model. A method for local
analysis of the tested helical spring
within the MIS test facility was
evolved. Natural frequency calculation
and response analysis were conducted on
the test 2lement.

PROTOTYPE ELEMENT DESIGN

The schematic design of a represen-
tative full-scale element whichk could
be used in a typical missile shock iso-
lation system is achieved. This example
problem i3 not concerned with detafl
designs of isolators, joints, attach-
ments, subassembly couplings and all
the details required in the construction
of an actual system. 1t must be em-
phasized that prototype elements are
evolved to provide a realistic basis
for model design. The schematic zross
design is obtained through the use of
a typical shock pulse, gross missile -~

silo geometry and missile fragility
levels.

® Physical Constraints

The missile and silo diameters are
specified. The availahle rairlespace
in either direction is obtained.

o8

e Material Constraints

The shock isolation element is de-
signed such that the stresses induczd
during stroking of the elemenc do ot
exceed the elastic limit of the material.
All the elements must exhibit total re-
covery to insure that the system is
viable for succeeding shock pulses.

. ‘pe51357Criteribn and Constraint

The element motion is constrained to
meet facility rattlespace requirements.
The design criterion is the fragility
level of equipment specified in gravi-
ties of acceleration. This means that
the element must have a spring and
dampiug rate such that the applied pulse
will cause a missile response motion of
less than the specified acceleration.

The problems associated with kine-
matic nonlinearities were analyzed.
These arise from the large deformation
of the helical spring and the fact that
the motions are not always axial with it.

The indeterminate input motion di-
rection and influence of large displace-
ments are significant problems to spring
selection. The first problem is illus-
trated in Fig. B.1 where the input mo-

§ can have any arbitrary

lnhtoﬁ

tion (Fig. 1

Input Potier, Direction Indetersimste

(8) Tfrect of Thave Angle Berweet [apst Motion and 1solater

3 Metien, Mroction
Arhitverity Fised

(5) Rifect of large Beflection

¥ig. B.1 ~ Combined effecte which cause
system stiffness variation
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direction with respect to a given iso-
lator. Since mechanical isolators can-
oot compleiely "fill-up" ihe vatile-
space, 3ome variation of effective
stiffness is naturally expected for
different directions of input. Ini-
tially, the number of springs per array
or layer was set at three because

e The least practicable aumber
of isolators are desirable,

o Closer analogy is thereby
retained between the full-
scaie and model isolators

o Calculation of effective
sgtlug stiffness is sim-
plified

® Such an arrangement gives
the least exiursion of ef-
fective spring stiffness
for small displacements.

It vas found that small displace-
ments cannot be assumed; therefore,
hrge displacements became the second
problem, as shown in Fig. B.1(b). Ac-
tuau{, the two effects are not sepa-
rate but act together to cause varia-
tion of effective sgring stiffness.
Note that Fig. B.1(b) implies that both
ends of the springs will need a pivot :
arrangement. The large displacement
effect proluces stiffness variations as
a funct 01: o:h:hphcel:ent ‘1':: well ;a
input pulse se a . severity
of the situation is 1llustrated in
Fig. B.2 for a symmetrical array of
three spring isolators; this figure takes
into account the previously mentioned
combined effects which cause system

tiffness variation. The significance
of the two curves in-Fig. B.2 is that
they represent effective stiffness at
the two extremes of input displacement
(points 1 and 2 of the pulse respec~
tively).

For design, the situation can be

significantly iq:roved from that of
Fig. B.2, vhich shows the equivalent
stilfness of a three spring array.
Actually, many such spring arrays or
layers vil comprise the full isolation
system where adjicent layers of isola-
tore (or additional ones) will smooth
out effective stiffnexs variation. The
improvement resulting from this type of
gorocedure is given in Fos. B.3 where

th amplitude and period of effective
stiffness variztion are seen to decrease
as the totai mumber of spti.nﬂe:.r in-
creased. A very slight nonl rity of
stiffness with displacement still exists,
as is evidenced by the two sets of
curves k; and ky; this variation is
caused by the somewhat urequal relative
mution extremes of the missile silo sys-
tem about its neutral position.

The stiffness nonlinearity which
remaing due to the presence of input
pulss nhase angles {2 tolerable even
for the relatively small total number
of springs shown in Fig. B.3. As more
springs are introduced, the amplitude
and period of the effective stiffness
"ripple" decrease.

Figures B.2 and B.3 give a constant
limiting value of effective system
stiffnees or the effective number of
springs for isolators radially arranged.

= 1089
"ave per 3 total springs (Fig. B.2)

" " 3.84 -
ave per © total springs

1.92
per T total speTngs (18- B.3)

v = 7.68 .
ave per \Z total springs

1.92
per T total sprlngs (Fis- B.3)

The effective nunber of springs pzr
:y-etrieal spring array is approximate-
y two.

The prototype shock isolation ele-
ment is analytically designed using a
single de{:ee-of-freedom model. In
more complex systems, multidegree-of-
freedom models are used* The effective
allowable spring rate k™ is obtained by
determining what spring will yield a
globel response less than the allowable
rattlespace and fragility levels for the
specifiesd input pulre. Material damping
was used to obtain the maximum accelera-
tion response results of Fig. B.4. The
actual spnng rate of the prototype ele-
ment is equal to 3k*/2mn where m i{s the
number of layers in the silo and n {s
the number of springs in each layer.
Figure K.5 shows the design chart used
to select the spring sizes.

SCALING RELATIONSHIP DEVELOPMENT AND
SUBSCALE TEST MODEL DESIGN

The development of scaling relation-
ships by using nondimensionalized equa-
tions of motion for the shock isolation
system was explained in the riments-
tion section of this paper. result-
ing scaling parameters for typical shock
isolators is given in A ix A. For
the helical spring in this design ex-

ample, the fellowing relationships wers

o teliadlld W L
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B.2 - Effective number of springs, veriaiion resulting
from input phase angle and iarge displacements
for an array of three springs
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Fig. B.3 - Effective nunber of springs, variation
resulting from lat%e displacements and
input phase angle for two spring arrays
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Fig. B.6 - Helical coil spring desigu chart
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utilized because they characterize the
iwportant isolator dynamic properties.

M - | X —e-
‘ F‘-) ( r] mass
8lprototype 8 ‘model

where

M is the isolated mass (missile)

8 E 2 2

! spring mass
N"D" »

8ND o2 8ND’m_0?
——gtee | ® {—gf— | ---frequency
o ) Ve

Figure B .6 chows the derign chart
for the model helical coil spring of
Table B.1, which was desigued to be
used in an existing test raciiiiy. A
single degree-of- freedom model global
analysis was run on this spring to find
that it has response characteristics
similar to those of the prototype.

LOCAL ANALYSIS AND MODEL TESTING

The local analysis and model testing
of a shock igolacion system are diffi-
cult subjects. These topics were cov-
ered in detail for the subject helical
coil spring in Ref. [13] . The global
response to the input pulse (Fig. 1)
obtained by analysis of a single degree-
of~freedom system is shown in Fig. B.7
and its comparison to the model experi-
went is shown in Fig. B.8. The local
analytical response using a continuocus
parameter model of the isolator using
a finite-difference technique ir shown
in Fig. B.9 and its comparison te ex-
periment is shown in Fig. B.10. These
experiments wer:z made on the MIS ma-
chine shown in Fig. 12. The results of
these analyses show (1) that the con-
tinuous parameter model is needed to
simulate high frequency effects, and
(2) thet the helicel coil spring needs
additional damping to qualify as a
high performance isolator with low loczl
response.

Table B.1
Model Helical Spring Data

r 4D
a T oesal
m? 43-4 D
M
[ a %‘2 -1
) 0.615d4
—p— +=p=)| ---spring
L;DTI 4 r S } itregs and
P oca d&q)’
ing
g = 10.3
d = 0.420 in.
N =6
K'=6
. = 96,200 psi
- 1.14
s,' = CS, = 107,300 psi
oD = 4,74 in.
¢ = 10.5
§ = 2.45
SH = 2.52 in.

Total Weight = 4.2% 1b

Clearance when most compressed = 0.180 in./csil
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Fig. B.8 - Comparison of amalytical and experimental
response results for a helical spring-mass
systea subject to high-rate input loading
(lumped parameter snalytical model).
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DISC USSION

Mr, Grant (The Boeing Company): You taltked
about high frequencies In the systems and the cap-
ability t0 analyze them, I presume thut what you are
saying {s that you can analyze accurately at least the
first surge mode of the spring, is that correct?

Mr, Eshleman: Yes,

Mr. Grant: Weuld you care to predict the
accuracy of your analysis for the higher surge modes
since if that spring is sccelerated fast enough
the other surge modes will also participate?

Mr, Eshleman: One thing that I did not mention
that iz important iz that there is a balance between
the flexibility of the spring and the wave propagation
problem, because if you load the spring at too high a
rate there is a discontinuity like a shock wave, and
you do not want that at all, This analysis technique
has the advantage that one obtains all of the fre-
quency components, This is not a modal analysis,
Here vou see basically two modes in the response, the
first mode and the second mode, You do not see much
of the higher modes, Perhaps my mode]l was not
sensitive enough to pick up any of the higher modes
or maybe they were not induced from that rather
simple step function or pulse shape, But this type
of analysis has the capability to take into account ail
cf the modes, even though it is not a2 modal analysis,

Mr, Grant: The next question is about the muss
scaling, Obviously it has an influence on the second
mode of the system, You only applied your scaling
relationship to the fundamental kinematical prohllem
rather than to the higher modes of the system. Is
that correct?

Mr. Eshlemhan: The mass scaling, in his sim-
ple example, only referred to the isolator itself,
In a more complex system one shoul< jescribe the
whole system mathemaucally in ‘erms of a lumped
parameter system, and there you would again take
into account the other masses in the system, It
turned out that this one was so simple that the
isclator was the only important mass except for the
isclated mass,

Mr, Grant: Then you would depart there from
wave theory as you have used it?

Mr, Eshleman: Yes, 1

Mr, Eckbiad (The Boeing Company): In your
presentation you stated that at high {requencies the
finite difference method did not work so well and that
you applied the finite element technicue which seemed
to work better for your high frequency analysis,
Would you e¢laborate on that?

Mr. Eshleman: I did not mean that it did not
work weil, It is impractical because it takes too
much computer space, A simple problem like this
took up the storage of a 7094 computer, I do not know
how many bits it was but it is impractical from a
point of view of computer storage,

My, Eckblad: How did you get around this with
the finite element technique ?

Mr, Eshleman: I did not actually work this
problem with the finite element technique but it
seems to me if ore were to use the finite element
technique one would be able to do a better job of
modelling for analysis than is possible with the finite
difference technique,

Mr, Eckidad: What happens when you analyze a
compiex structure, when you get away from the sim-
ple rod where you fced into plates and have to trans-
fer to other compiex structures? Does this method
also work conveniently for that?

Mr, Eshleman: Yes,

Mr. forkois, NRL: What happens when you have
two spring systems such as a soft spring and a stiff
spring in series? There are many isolation systems
which act as vibration isolators and also act as shock
isolators, -

R N X T

Mr, Eshleman: I do not think that problem woud
be very difficult to bandle. I think you could madel it
fairly easily, I really do not think that would be a
problem because it is small enough, The problem is
the size of the computer,
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4 ELASTIC WAVE PROPAGATION IN A HELICAL COIL WITH VARYING CURVATJURE
AND ITS APPLICATION AS AN IMPACT LOAD DISPERSER

sand

Nam P. Suh
Department of Mechanical Engineering
Magsachusetts Inatitute of Technology
Caubrid e, Massachusetts 02139
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Elastic styess pulse propagation in s helical coil with varying radius
of curvature is experimentally investigated oy losding the coil tangen~
tially as & mesns of cffectively dispersing impact loads to lower their
amplitudes. It is shown that the stress pulse decomposes into many
components, with the high frequency components propagating fastexr than
the lov frequency components. The pulse disperses faster whken the
helical coil is loaded at the smaller end than whan it is loaded at the
larger end. The coil with the :msllest radius of curvzture acts as an
acoustic filter in that the amylitudes of the waves passing through this

i

Aotk o o il Lo
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¢0il do not change aftervards. The sxperimental results are discassed
qualitatively in texrms of a theoretical analysis of dispersion
characteristics. The radive of the cross-s:ction influences :the phase

and growp velocities in the renge considered in this paper.

In & previove pmrl. ths writer discussed
the spplicability of helical coils as fwpact

1esd ‘dispersars by considering the élestic stress

Therefore, s helical ceil, especislly ome with a
varying radive of curveture, msy de weeful as

.l’ﬂ.u rafer to referencas at eud of paper

impact load disperser.

Vibration and wave propagation in curved
rods were investigeted at the turn of this
century?~4 for {nextensible rods. Philipson®
extended the work by including the extension of
the locus of centroids. Racently, stress pulse
disperaion in curved tzdl was also investigated
by Britton and Laugley® for constant curvature
and by wittrick’ for helices.

The use of tengentially loaded helical cofls
a¢ shock dispersers and acoustic filters has not
beea ccnsidered before. The experimental results
sresented in this paper are new. The exact
theoretical analysis of the expariment 1is
difficult. The theoretical analysis presented
in this paper is for thé case of propagation of
on infinite train of sinusoidal waves in an
infinite belix of a constant radius. Although
the theorstical treatment is not for the varying
curvature case, the theoreticel results are
presented here since soms of the experimental
Tesulls can be explained gqualitatively by tha
theoretical results. The theurstical results
presen in this paper differ from the previous
resul ia that the previous sualysis neglected

the effe~t of torsiom.
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Rotation function defined in
text
Torsional rigidicy
Elevation constant = h/2%¥
Group velocity
Phase velocity /2
Bar velocisy » (Efp) ' ©
Shear wave velocity = (G/o)
Parameter defined in text
Young's modulus
Force acting on the cross-section
of the coil along x, and Yo,
respectively
Constant related to the rate of
curvature change
Parameter defined ia text.
Shear wodulus
Parapeter defined in text
Pitch
Moments of imertis of mass per
unit length about Xg, ¥, and
L 9 respectively
Unit vectors along X,Y,Z,
respectively
Moments cf inertia of the crass-
gsectional area sbout x, and Yo,
respectively
Wave number
Mass per wnit length of the coil
Angular frequency
Radius of principal curvature
Redius vector in the x,Y:2)
coordinate system
Length measured aloug the length
of the unstrajned coil
Time
Displacement fuuction dafined in
text
Displacements along the Xo, ¥4
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Rotation of the cross-section
about z
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I, EXPERIMENTS
a) Experimental Arrangemants

Figure 1 shows the halical coil with varying
radius of curvatuxe, vhich was made from a com~
saarcially pure zlusinum rod of 1/2 fach diameter.
Tha internal diameter of ihe coil was 8 inchen
at the larger end and 2 inches at the smaller
end. The coil had about 7 1/2 turns and the
pitch was sbout 1 inch. Ths :oils had straight
ends, at one of vhich & hammer was dropped from
a known height to generate the stress pulse.

The length of the straight portion of the coil
wss made much larger than the length of the
hammer in order to mak. certain that the wave
reflection from the curved section of the coil
would not interfers with the gensration of the
wave at the iapact and. Plastic deformation of
the coil at the impact end was prevented by
placing a 1.3 inch long spacer made o a hurd
sluminum sllcy with the sase acchanicel imped-
ance as & corsercially pure aluminum. The ends
of the coil and tha spacer were carefully lapped
for complets transmission of the stress pulse
across the interfacs. Tha other end of the
spacar vas slightly rounde” to insure axial
losding. Thu coil was supported st the opposite
end from the ispact end in c:der to make certain
that the vaves reflected at the supports would
not interfere with tie measurements.

One of the hammers var a 4 1/2 inches long
cylindrical rod made of the same aluminum alloy
o8 the spacer. The other hemser vas a 1/2 inch
dissmter steal ball. Tho pulses generared by
the cylindrical hammer were long enough so that
there was nc- dispersion in the straight section.
The cylindrical hemmar mountea on two ivlen
sl ders slid down a guide from a predatermined
height for impact with the coil. The steel ball
vas dropped through & copper tuba. The hammers
wete dropped from 3 feet.

The strese pulses wers monitored by strain

gages (L3, PAP 12-12) mounted slong a coil; the
mmmu~m 1 with the distances
fram the first set of strain giges, measursd
slong the foaér, outer, and centroidal radif of
the soil. At esch position, a set of two stfain
geges, designated by A, vere mounted slong the
sxial direction of the baz 180° apart and con-
aectad 1in series to weasure the axial elongation.
Another set of strain gages, designated by B,
wvere mounted circumferentislily 180° apart from
each othar to messure the circumferential

o of the bar, The outputs from the

bridge circuits vere asplified by amplifiers
snd -msssured by sm cscilloscope, Tektronix 555.
The beans were triggersd vhen the hammer came
iato coutsst with the coil.

¥) Experimeutal Results

Tigures 2 end 3 1illustrate the experimental
results obtained using the dall. Thsse results
ave tabulated in Table 1. Figurs 2 and Pigure 3

{
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Fig. 1 Expevimental Arrangement and
Gage Locstions

smaller end disperses faster than that loaded at
the larger ead, after the pulses propagate an
equivalent distance. It should be noted that the
upper besms vere amplified 10.5 times, whereas
the lowe. beame were amplified 16.7 times.
Because of the curvature, the acasurements by
the "A" gages did not completely c¢ancel the
bending effects. However, the previous work!
showed that the effects were rather small.
Similar results are obtained using the cylindri-
cal heomer, as shown in Table 1.

The wave that arrives at each station first
has the lowest amplitude and the highest fre-
guency in all the cases, and as siiown in Table 2
propsgates with velocities close to the bar
velocity Co = "Efo. The bar velocity is uscd to
mean she limiting gruup velccity in a straight
circular bar vhen the wavelength approaches
infinity., The succeeding waves have lower fre~
quency and finally teach steady state oscilla-
tions. These results are in accordance with the
theoretical predictions made fin the follovirg
section,

‘The sxperimentasl results will be discussed
in more detail based on the numericel values
shown in Table 1, The group velocities are shown
in the fifth column. These values were cbtained
by dividing the distance the stress pulses
traveled, measured along the centroids, hy the
tioe taken to arrivs at each station. These
group wlocitias erc close to the bar velocity
within the experiaental roximatior, wvhich for
this sluninue is 1.98 x 10° iactes/sec. The
group velocities decrease as tha Jistance coverad
by the pulses ivcrease which wmay be due to the
inability of the present technique to messure
very low smplitudes associated with high frequency
veves. Thase group velocitics are slower than
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to severe d:gensration of the stress pulse in
the presen’. cass becauss of the ssaller radius
of curvature,

The sixth column shows ths pulse lengths.
1t should be noted that the swplitudes of the
waves propagating from the smaller end to the
larger end of the helical coil are much lower
than thosc propagating in the opposite direction.

The eighth colusn lists the half periods
of the oscillatory portion of the waves. The
helf periods of the upper tracee may be cospared
vith the natursl frequency of rings with tha
same radius as the coil, At the larger emd of
the coil vhers the radius is spproximately 4.25
inchas, the half period is 66.8 micro-seconds
vhich compares very favorably with the cxperi-
wental results. At the smaller end the compar-
tgon is not as fgvorsble. This could be bacause
of the lerge ratio of the radius of the cross-
sectional area to the radius of principal
curvature and the long etrsight section st the
smallar evd of tie coil.

11. THEORETICAL AMALYSIS

Tha analysis given here is similar to that
prasented in Re.. [1], except that the effect of
torsion is included. Ths theoretical results
are iacluded to provide qualitative interpreta-
tion of the experimental results. The phase
velocity, the group velocity and the natural
frequency are determined for a helical coil with
constent radius of curvature, From the present
adalysis it vas found thst 23 soon as the sffect
of torsion is included, . cre is no longer the
wave coaponsnt which prozagsted vith the
distortional wave velocit; 4t large waveleagths,

s) Ceomstric Relations

A right-handed helix with varying radius of
curvature is loaded tangentially as shown in
Fig. 1. The vectangular coordinale (X,Y,2) 1s
fixed in space so that the Z-axis is along the
axis of the helix and the X - Y plane cuts the
coil at the larger end of the belix. The
distance from the origin to the point of inter-
section batween tha X - Y plane and the coil at
the larger end of the coil is giwa by a,. The
pitch of the coil is constamt. The radivs of
curvature varies linearly with Z.

The position vector from the origln of the
coordinate system to any point om the helix is

given by
t - 8 (1-f0)cos GTve; (1-f0)ain ek (D
At aay time the wave w..h the longest wavelength
occupies & seguent of the coil subtended by a
charecteristic angle 9, given by
o, - Ala 2)
In Eq. (1), if the value of £§, is =ach smallexr

is
than unity, then the rate of curvature Jhange
nry be neglected without much loss in the inter~

pretstion of the expsrimentsl results. Ia the
folloving anslysis, for simplicicy, the peinci-
psl radive of curvatuze R and the torsion T,
wil} ha snoroximated by

2 2
are P SR S
ke .£.... %o c..2§e2 3)

k) uations of Motion

The equations of motion may be derives ina
similer msnner ss dooe previousiy(1,5]. The
basic assueptions aZe that plame sections paral-
lel to the principal normal direction bafors
deformation remein plain after deformation, the
cross section of the coil is uniform, the dis-
placements sod the rotations of ths plans ctess
section ars represented by thoss of the centroid,
strains are ssall, and that theze is no shesr
deformation. Tha equations of motion msy ]
vritten with respect to a moving coordisate
system (x,. Yo, 2p) at _amy arbitrary poiat of
the unstrained coil. The coordimate systes is
defined so that z, is tamgsut to the soll, Xg
is parallel to the priacipal normal vector, and
the yo-sxis is oxisuted so as to complete the
right handed cooxdinste system.

The squstions of motiom are

[} 2
X _ Y B v iy
s, 0 G, w2 (42
2 2
o 1l 3 3y
M7 13 X", 2 4n)
s, t
i 2
._14.&' -.3' (‘@)
“o 0 x ac!
3 1 1,3 _213% e 1
U+ G-F s Bt I
30° © ]
2 2
dw 2 v ] ?
- - - -———-]4' 34
”2 T 02 » x 7u!
-3+ ao
pple  Pe 2% Lav Ll
R 3 “OJ o “o °2 Do. Ro a-,

300 . ()
2
13y 1l ) v
. o - e == -f =3 wrm—— - -~
R "o, y xui o :]
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Rqe. (48) and (4a) may be solved for ¥ aad ¥ 3"y ol mmlz (1 ol
and swbstituted into the rest of the 1 2 2 1
(4s, ¥, c, £) to odtain four equations in terms *7) (g—) +k (g—) -—;}
of the four unkmowns, u, v, v snd 8. If ¢ >> R, b { (3 2 ¢

the above cyvations may be separated into two
groups, one imvelviag only u and v comgonsats
aad the other imcluding only v and £ componsuts.
t) IFrequency Equations

If ve ssswme en infinite train of
sinweoidal weves is propagating in the coil,
the displacensats and 8 may be exprasned ss

. Uix,,y,) ap {1 5, -P t)]
veVix,y,) exp [1(k 24 - p t)]

v = W(x,,y,) exy [1(k 35 ~ p t)]

8 = B(x,,70) exp [1(k £, - p £)] ; vhere (5)
pe23f;ke2u/A; £« frequercy

=8, ; 1=/

Substituting Rqs. (5) imto Eqs. (4), which are

obutndntutmnurxall'.ﬁn

fmfmmm»tun‘d:
1‘10'&01"*’1'0'11-0
1‘200929§le'0
ﬂ,ﬂ*b:,ﬂ'f!,'*ﬂ’i-o
u‘u+n‘u+r‘v+l‘n-o (6)
where
20 RLPRT I N K T I S BN
h (co :i'?]z '2 o*
2 1 s 1
3 - Q+—5=—) +
Q: Fv-i 7 (1) ;T%
1
- =)
'2

x 2, 1 Ye2 1
b=y -l R I-

2
k 2,5 1 _1
rl.;[-z({:-.-) + & 4;-2-'0‘2-6—,-‘.—2' =) ]

k 1 7, °
ﬁ'ﬁ[’*m:;’“ , ,
s, -kraey? (5:) e -3

2 2 2

-.2
D, = L-k* + &) (u-"-)--’-;]

2 % .2 azl.

2 2
2.1
rz.;"‘["g:) +3k +:z-J
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2 y 2
1 3 2,1
Bye (OgamGD K +35)

A, ”[1+2(1+v) (")]

1r2, 2(14v 2
o= 08+ 2022 %

3

J1. Y 327 2 _ 204v) ¥ 12
roex-hG+2aw (Y‘) Jk . (Vz))

2
c
o a2 o B2 0. 20w) v .2
B o=k + (co) (c.) 2 (7’) m

In Eqs. (7) the raditi of gyration v and v_ sud
the wave velocities C udc.mob:uuitro-
the following definitions:

. 2 2 - e
co = EA/r; Y = I’Il J’IA J‘IA

2

C
e = 2w G

2
<, = CA/w; v

Zqs. (17) sre satisfied 1if

R
D r L]
2 %2 R | =° ®
4 % K ‘3!
A‘ D‘ t‘ n,‘
The above equation is the irsqueacy equatiom.
The phese velocity C_ and the growp wvelocity
c'm ?
el.c o2
c’ t.c‘ oy )

The frequency equation is first solved for p
and C_. The group wvelocity is obtained
uu!auyfmthnlwofpnumvdm
of k. The phase vslocity is the rete at which
a point of tcoustant phase travels alomg the
boundary sad the velocity with which emergy is
transmitted is given by the growp velocity.
Bq. (8) hes four positive raal roots
except at very large wvavelesngths. The phase
and growp velocities are plotted im PFigs. &
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through 5. As shown in Fig. & for fiaed Vaiues
of curvature and torsion, two of the phasa
velocities approach infinity as the wave number
k decreases for varfous values of radius of
gyrzation vhile the other approsch zero. Omne of
the latter two curves starts increasing again
as the valus of k is decreased further, while
the other assumes complex values with very
suall imaginary parts. This result is due to
the sanner of computation; if the frequency
equation is solved for the wave number for
real valnes of frequency, the wave number would
assume complex value.t* Therefore, there are
ouly three real vslues for C_ when k is smaller
than approximately 1/R. The phase velocity
approaches infinity when the wavefront is almost
parallel to the boundary. Three of the values
approach the bar velocity C, as k + =, while
one of the values approach C_ as k + =, Similar
reaults vers obtained vhen zl‘u effect of o is
neglected. Compar the results with those
of the previous vorkl, it is seen that the
curves marked "1" and "2" are assoclated with
the u - v wode of propagation and the onss
sarked "3" and "4" are associated with the

8 - v node of propagation. These results dif-
fer from those of the previcss workl in that
when o is neglected, the “3" curve does not
approach infinity as k <+ 0.

It should be noted thet the "1" mode is
not affected appreciably by the change in the
radius of gyration, indicating that it is
closely associated with the extensional
deformation of the centroid of the cross-section.
The "2" mode is nearly independent of the
principal radius of curvature, as shown in
Fig. 6, aud is sssociated with the redial
flexural deformation of the coil. The phase and
group wvelccities for flexural modes, given by
"2" in Figs. 6 and 7, closely resemble the
approximate theory of Rayleigh for flexural
vave propagation in a straight vod. i

The iaflwence of the radius of torsion on
phunloeityc’of 1" 1s swall when it is
veried from 2 to 60 inches as showm ia Fig. S,
except whes k 1is smell. Its effect of "2" {s
appreciabls at latge wavslengtiis, since it 1s
associated with the flexural wode of deforma-
tion. The "3" curve behaves gbout the same as
*2". The “4" wode is also inflaeucad by
torsiom At vory small values of k.

As showa im PFig. 6, the curvature his
negligible effect on C_ except vhen k is small.
rg. 7mmtm‘mnlodtyc faster
uthmumclmchu:hcudguof
curvature imcreases in the limit ag R ~ =, the
preseat amslysis should yield c' 2 Co. The
present result differs from the previous workl
im that the grouwp velocity for the "3" mode
approaches 0 as k + 0 in the present cass,
vheress previously it approsched the shear
wave velocity. Both the "2" amd "3" modes
axcesd the bar velocity C, sand then spproach it

-

Similar rasults have been cbtaZned for vibra-
tiom of plates emd were shown to bo associated
with edge vibratioms.
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asysptotically vhick {s similar o the spnroxti-
wate thaory of Reyleigh for a straight yod. The
"4" mode also exceads the shear wave velocity
end approaches it asymptotically as the wave-
length is decreased.

Fig. 8 shows that the group welozity of the
“1" mode 1s not influenced much by the change in
torsiva. Howcver, vhen o is small, 1.¢, 0 = 2
inches, the "2" mode undargoss a saddle-point-
1ike transition vhich is quite different from
whett 0 = 60 inches. Tha "3" and "4" modes
depart from each other vhen the wave number is
larger than 10 inches™, Fig. 9 shows the
variation of the group velocity as a function of
the radius of gyrations, Aill the modes are
i{nflusnced by the radius of gyration, except the
"l" “e.

In short, the analytical results show that
the waves with short wavelengths propagete faster
than the longer vavelength waves and as the
radius of curvature decreases, tha group velocity
decresscs for a given wavelength, especially the

""1" mode. The torsion is not as importent as

the other paramaters, at least in the range of
paramsters conadidered in this paper. The
diamster of the cruss-section of the coil has
significant influence.

III. DISCUSSION OF TAE EXPERIMENTAL RESULTS
BASED ON THE THEORETICAL RESULTS

The experimental results can be discuss«d
qualitatively in terms of theorstical findings.
Both the sxperinental work and the theoratical
results show that dispersion of waves exists
in s tangentiaslly loaded helical coil. The rate
of dispersion is greater vhen the radius of the
coil is small, as predicted by the theoretical
results. The experimental rxesults also show
that the stress pulse disperses faster vhen the
cz0il is loadad at the smeller end. The disper-
sion occurs because the initial pulse is composed
of many vaves of various frequencies vhich
propagate with different velocities, high
fraquency vaves propagating faster than the low
frequancy vaves. The length and smplitude of
the first pulse that arrives at a given station
in the coil become shorter and smaller with the
distunce of pzopagation, since it rapresents the
supexposition of several short wavelesgth compo-
m“'

The comparison of the experimental results
obtained by loading the larger end with those
obtained by loading st the smsller end indicated
that the amplitudes of the pulse in the former
case decresse graduslly, vhereas in the latter
case the amplitudes decresse suddenly after
passing through the coil with the smallest radius
of curvature and remain avout the same after-
vards. This indicates that the first ceil in
the latter case ascts as 8 filter. The differencs
between thene two cases is brought sbout by the
difference in the redit of curvsturs rather than
ty the rate of curvature chaage, since the rate
of curvature changs in one case is vegative,
whils in the other case it is positive. There~
fore, the approxisation mede in the anslysis

2 wamap s s




r“'*”:‘«-’f-"»» e e o T e P s 0 D P T S e B IRIIR ST s A imm o, e e

:
<

R A

LAk LA

ST IR T T AT AR

LA LA A A S

ik iab i 8 o LSS MR DI o e L L A

i b i nithidis et

vegarding tha vats of curvarture change {a
reasonable for the experimental conditions
smployed in this paper.

IV. CONCLUSION

Becauss of its dispareion characteristics,
a tangantially loaded helicz) coil may be used
as a shock load disperser and/ov an acoustic
filter. The curvature and the rate of
cuivatule chenge of the helical coil can be
chosen for a given application to control the
rate of dispersion and the frequency of
filtration.
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TABULATION OF EXPERIMENTAL RESULTS

e g pp———

Lower
Hasmer Relative Amplitudes of Measurable Waves Half Period Trace
No. C=Cyd Upper Trace Lower Trace (micro-sec.) Arrival
. B-Ball A® P& Ciak  Dhkks 1st st 20d Jxrd 4th  Upper Lower Time
- 1 ] 1A 24 2.05 51.5 1 0.855 0.629 0.629 0.562 46.5 46.5 .4
¢ 2 3 A 23 - 45.7 1 0.70 0.92% 0.542 0.765 46.5 45.7 25.7
F 3 3 A 4 2,07 &5.7 1 0.048 0.097 0.09 0.125 46.3 21.5 128.6
5 4 3 1A 4 1.86 42.9 b § 0.044 0.061 0.061 46.5 - 143,0
3 5 3 1A SA 1.8 2.9 1 0.032 0.043 0.036 0.096 45.7 22.2 1280.0
g 6 3 A 5B 1.8 42.9 1 0.02) 0,031 0.093 0.093 45.7 - 200.0
7 ] 1A 6A 1.82 42.9 1 0.038 0.048 0.058 0.077 45.7 24.2 $07.0
3 8 » 1A 6 1.83 42.9 b 8 0.027 0.065 0.102 0.111 45.7 -— 503.0
o 9 [ 1A 24 2.08 88.7 1 0.285 0.237 0.4675 0.144 45.7 45.0 31.4
3 10 c A 28 2.28 88.7 1 0.795 0.415 0.154 0.486 45.7 &5.7 28.6
12 c A 3B 1.9 ~ 1 0.036 0.107 0.142 -—~- 43.7 - 65.7
13 < A A 2,58 94.2 1 0.024 0.036 0.048 0,041 45.7 -— 103.9
14 c 1A 43 2,08 88,7 1 0.024 9.036 0.024 G.036 435.7 - 128.0
15 c 1A 5A 1.8 921.5 1 0.023 0.023 0.041 0.046 &5.7 17.7 277.2
16 c 1A 53 1.88 91.5 1 0.028 0.028 0.044 0.055 45.7 -— 277.2
17 c 1A 6A 1.8 9.5 1 0.033 0.033 0.033 0.039 45.7 -— 497.2
3 18 c 1A 63 1.8 91.5 1 0.011 0.926 0.037 0.053 45.7 - £97.2
20 B 8A 4 1,88 7.1 1 0.052 0.052 0.135 0.135 72.9 27.9 606
21 3 8A & 1.8 7.1 1 0.017 0.044 0.061 0.044 72.9 -— 612
- 22 B 8A S5A 1.9% 3za 1 0.068 0.144 0,221 0.306 72.9 41.5 443
3 23 ] 8A S 1,98 7.1 1 0,051 0.153 0.255 0.306 72.9 -~ £46
24 3 8 6A 2.06 3.2 1 0.13 0.402 0.507 0.314 72.9 59.2 234
26 ) A 74 2.2 37.1 1 0.343 0.496 0.332 0,334 72,9 65.6¢ 111
27 3 8A 73 2.2 7.1 1 0.081 0.236 0.072 0.0 72.9 - m
28 B & & - 7.1 1 —— wme  wee e 2.9 - -
4 29 c S8A & 1.94 88.5 b 3 0.023 0.07 0.081 0.128 71.4 17.1 385
o k ] c 8A 43 1.87 38.5 b 0,022 0,034 0,045 0.045 71.4 15.7 608
9 k) | c 8A S5a 19?7 88.5 1 0.65 0.119 0.152 0.239 71.4 (41.5) 443
2 c 8A 53 1.9 88.5 1 0.033 0.121 0.165 0.132 71.4 -— 432
3 33 c A 64 2.12 88.5 1 0.129 0.0% 0.219 0.248 71.4 (58.5) 228
k' c & 6 2.00 88.5 1 0.017 0.281 0.309 0.365 71.4 - 282
36 c 8A 7 -— 8.5 1 e wme  ane == 71,4 -— -
37 c A 8 - 88.5 b § = 0.3 «o= === N4 - -

* Upper Trace Strain Gege

L lcwer Trace Strain Ggu

a8 Croup Velocity® (103 in/ssc) (¥Based on the distance messured along the ceatroids)
a42%  Initial Pulee Lemgth (v sec)
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SENSITIVITY ¢
UPPER BEAM 5xI0.5 35~
LOWER BEAMS216.7 D%

Piguwrs 2 Dwperimestal Results
Inpact st the Smaller End of the Coil
(Ball) — Swesp Speed 10" sac/cm;
Sensitivity: upper besa 52.5 av/ca, lower besm 83.5 mv/cm.
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Figure 3 Experimentel Results
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DISCUSSION

Mr, Eckblad (. he Boeing Com|

the le: of a spring necessary for lowfrequency
isolation down to 2 or 3 Hz?

Mr, Sub: In this case the wavelength was rather
short and 1 really do not know what happens when a2
real long pulse is applied, Clearly if you have a long
puise then much of that will be near the origin of the
curve that was shown and oaly a very small compo~
nent will be at the other side, 50 that all of the waves
may end up travelling with a nearly constant velocity,
Our main concern here is the transmission of energy
and the amplitude, so in that, case we may have to
make the ceil fairly large. We have not looked into
that area yet.

(B and K Instruments): I had a question
ryouhaddoneanywnjecwrlnguw
whetber tais may represent a cochiear phenomenon
in the human ear? Also, have you experimented
with 2 graduated cross sectional arca wire?

Mr. Suh: No, we have not done that, iIn fzct,
most of this work was done some time ago, We are
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contemplating variov - Zeometric shapes and cross
sectional arcas, ana ve are also contemplating the
use of this type of dispersion phenomena znd cou-
pling this with absorition phenomena by coupling
this in elastomers, So we are thinking of doing
something along that line but we have not done that
yet, We have actually made some experimental
devices in which we have hung two quarters together
and applied a shock load, At one end of the quarter
where the load is applied you can really feel a fair
amount of motion by just putting your hand on it, But
if you put your hand at the other end you do not feel a
thing, 1 asked a graduate student to work on this and
to get some experimental dsta, He tried to measure
the wave transmitied through the top when we have
kad some complicated shape and every time he did it
he did not get any output from the strain gages at the
other end, the ou’put of the coil. So I though he made
a mistake snd I was going to show him how to do it,
and I went to the 1aboratory and did it and the same
thing happened. Apparently if you combine this in a
very irgenious fashion then you can practically
eliminate all of the amplitude, 80 I think it is very
interesting.
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ANALYSIS OF THE INVERTING TUBE ENERGY ABSORBER

J. M, Alcone
Sandia Laboratories
Livermore, California

An approximate analysis of the plastic deformation encountered when a
thin-walled cylinder is inverted is developed, Interest in this type of
device ariseg from the energy absorbing requirements for protection

of critical cotaponents (or people) during crash conditions, Mechamsms
utilizing this procezs are characterized by high specific energy absorption
{SEA) and a rectangular force-displacement relation. Generalized design
curves for predicting the inversion geometry and force characteristics
are developed (Figures 3, 4). The analytical results compare well with
experimental data from two independent sources (Figures 3, 4).

INTRODUCTION

The energy absorption requirements of
spacecraft landing structures have created an
interest in plastic deformation processes.
Various plastic deformation processes have
been suggested in the literature; i1, 2, 3] of
these, one of the most interesting is the inver-
sion (turning inside out) of a thin-walled cylin-
der. Mechanisms utilizing t*is process are
characterized by high specifi. energy absorp-
tion {(SEA) and a rectangular force-displace~
ment relation. This allows them to be used as
rigid structural members which possess pro-
tection against overloading.

DISCUSSION

The inverting-tube configuration con-
sidered here is shown in Figure 1. The tube
is assumed to be in the position shown at time
zero (i.e., we are interested only in the prop-
agation of the inversion). To facilitate the
analysis, the following model process will be-
assumed,

The cylinder experiences plastic bending,
tangen.al extension, radial thinning, and axial
stortening while passing from its original dia-
meter, through a half-toroidal shape, to its
final diameter. The plastic bending is
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assumed to occur in two steps. The first bend
through 180° is spread over the half-toroidal
shape. The second (straightening) bend
through 180° is concentrated at the intersec-
tion of the half toroid and the final cylinder.
The tangential extension is assumed to occur
gradually over the half toroid. The radial
thinning and axial shortening strains are as-
sumed to be equal {4! and to satisfy constancy
of volume (see Figure 2).

In addition the following assumaptions are
made:

1. The material is a rigid plastic,

2. The stress-strain relatio.: is unaffect~
ed by triaxial stress and rate of
straining.

3. The material volume remains constant.

4. The wall curvature effects are negli-
gible.

5. The neutral axis lies on a semicircle
of radius R = Ctolz.

6. The propagation force is constant.

7. There are no friction losses,
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A discussion of the above assunmiptions 1s in-
cluded in the final section of this report,

Generalized design curves jor predictiang
the 1nversion geometry and fores character-
istics have been developed (Figures 3,4), The
analytical results compare well with experi-
mestal data from two independent sources
(Figures 3,4). When these curves are used,
the tube diameter, wall thickness, und mater-
ial required to satisfy the neeas of any appli-
cation can be deterruned,

As can be seen fromFigure 3, the anaivs:s
developed 1n this paper 18 in much better
agreement with the experimental data thun
analyses previously published. {31 Figure &
is a new presentation of the data which jucrii-
tates the determination of the geomeric cun-
figuration and the material properties which
satisfy a specific application,

MATHEMATICA'. ANALYSIS

Plastic Deformation Energy/Bend

. Bending Energy, Uh

We assume the bendilg energy con-
sists of two terms as shown delow,

3 2=
ub = '!; Mldo + [ Mzdc» (n

M, is the average bending moment
ac{ing an the material during the
toroidal phase of the inversion., if

a stress distribution, as shown in
Figure 2, is assumed and the cylinder
wall cross-sectional area at & = =/2
is used, M1 can be written as shown
below,

t

0
Al = (D + togt CtO, 5> 2)

AV

0
1 —
M1 oydA'A' 3 (D + to + Cto)
tz
T ‘v ®

In a similar manner, with A2,y as
shown below, we can evaluate Al_,
the average "straighteniug"” monient.
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M2 = ~(D) 4+ to +2C

” t
red
u = -2l onen

Yo
24 g + 20y 5 (4)

2y

2
s
'O) -0 (5)

yi
3

Thus

22

b 1 0 + 3(‘!0) {6}

Tangential Expansion Energy, L'I‘AN

n(D+t0+2C!O) Ct

0
U\ = f 0 p——— t,df
TAN T e vd %
. 2023
= C lolyd (7)

Radiai Thinning and Ax.al Shortemng
Energy, UTS

Assuming that the axial and thinning
strains are equal and that the volume
of the deforined materiai remains
constant, iet

= € (8)

€ % € ©

Initial material volume

!'Cl:)
vi = -5~ ton(D + to) {S)

Final material volume

rCto
Vf = — (i -e)tu(l - €ja(D + tot ZCro)
(10)
\{ = \/i
Therefore

D4 tO
€= 1-4-————-— ————ee {(11)
D+ t0+ 2Ct0)

To calculate the energies involved, we
assume that .he deformations occur at
the average of tne initial and final tube
Jdiameters, Thus, the axial shorten-
ing and radial thinning (Ug and U,)
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can be written as shown below,

aClO
Us = "yd Ov(D+i +Ct )""‘—
I D+ 10
! V(Dn 2Ct )] (12)
7Ct
L‘, = °ydT (D + ty ¥ (..to)to
D+t t
[ (DR Ser )] {43)
and
UTS=U +:J =oydﬂCl
D+ t
D+, +Cty) 11 J(Dfl v 2ct)
(14)
Total plastic deformation energy/bend,
U
U'Ub"'UTAN*UTS (15)

Minimization of Propagation Force, P

By equating the work done by the propa-
gation force to the plastic deformation energy,
we can solve for P,

WORK = P'Cto =Y (16)

Therefore

(2D + 2t0 + 3Ct0);.-

P "ydto[ ac

+ aCto + 2(D ‘o + Cto)

( D+ to )]
1 NTF———— 17
(D+ Wt 2Cto)

To find C, the inversion radius coeffici-
ent, we assume the prc~ess wants to occur at
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4 minimum force. Thus, we minimize P with
respect to T, Setting 4P/0C = 0 yields the
equation shown beiow,

t { 4 t
0 = 122(—9-) c’s 188( °) (1+—0)C6

D D D
o) (02) - o )L
el (+9) - o) (1 +°5)
) f02) -l o
i) 40 <o) 4 g
A

The above equation was solved for C for
to/D values between 0 and 0. 1 (range of inter-
est) via numerical techniques. The resulting
values of C are plotted in Figure 3. Experi-
mental values of C from References 2 and 3
are aiso shown in Figure 3 for comparisoa
purposes,

EVALUATION OF ASSUMPTIONS

Average areas and diameters were used to
simplify the development of the analysis, This
is justifiable in view of their relatively smail
variation, The assumption that radial thinning
and axial strains are equal :s based on the ex-
perimental observation mace in Reference 3.
Assumptions 1, 2, and 3 ware made on the
baeis of the {act that mos« materials used for
this application are described by the~e assump-
tions (at low strain rates). For smallt, /D
ratios, assumption 4 should be valid. Assump-
tions 1 and 6 are actually equivalent, Assumgp-
tion 7 implies lubricated dies of the proper
dimension., Assumption 5 is not justifiable. It
carn be easily checked by mtroducing other
terms into the radius expression and cvserving
the resulting minimum propagation force
requirements.
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THE EFFECTS OF PAYLOAD PENETRATION AND VARIOUS ANALYTICAL MODELS
ON THE DESIGN OF A SPHERICAL CRUSHABI E CASING
FOR 1LANDING ENERGY ABS"RPTION

by Robert W Warner and Margaret Covert
NASA Ames Research Center

SUMMARY

The important consequences of penetration by a
spherical payload into its crushable casing during
landing impact, as established earlier for two ana-

lytical models, are verified for five additional models.

Three groups of design exampl=+s are presented for
an impact velocity of 30 feet per second with a
choice of zero or “perfect” bonding between th: pay-
load and the casing. In two of these three groups of
exa—iples, the use of bonding to prevent payload pene-
tration increases the weight of the crushable casing.

INTRODUCTION

For the safe unmanned landing of s data-
transmitting or supply payload on a celestial body
or elsewhere, the ability of rocket controls to
achieve a soft and oricnted touchdovn: will be dimin-
ished if a strong and turbulent 1ateral wind is present,
particularly in the neighborhood of a steep landing
site. I, therefore, a hard and unoviented impact is
the design choice, with possible secondary impacts
due to bovacing and rolling, a safe landing requires
that the payload be surroundod by a crushable casing.
In fact, an unoriented impact suggests the use of a
spherical payload and a spherical casing (refs. 1-9),
as shown in figure 1, although other shapes are under
consideration for various reasons (refs. 2, 3, 8, 10).

CRUAINABLE CASING

AT CONTACY AFTER CONTACT
NASA TN D-5933 PRESENT PAPER

2 BNALYTICAL WODELS T ANALYTICAL MODELS

Fig. 1. Niuctration of Definitions and Purpose

Until a few months ago, previous work on crush-
ahle casings (refs. 1-10) neglected the effect of
penetration by the payload into its casing. This
effect is illustrated in figure 1 by the relative motion
bhetween the payload and the casing. Except for
analyses with unusually limiting assumptions, pre-
vious work (refs. 1-10) a'’so neglected the effect of
variations during the impact in the mass being
develerated. This effect resclts from the accumula-
tion of crushed casing material on the landing surface
at rest and, if penetration occurs, on the payload
surface at the payload velocity, as illustrated in two
locations by the vertical shading in figure 1. Also
neglected in past analyses bas been the fact that
the cr ished casing matertal just discussed builds up
during impact and the fact that decelerating stress
values, which are available primarily from nearly
static crushing tests, must act at the boundary
between the built-up materizl and the uncrushed
material rather than at the ground surface or the
payload surface. The resulting change in the decel-
erating force is referred to herein as the "built~up-
materiai” effect.

The fairly probable increase in crushsble
casing weight when penetration is prevented by
bonding the payload to the casing has recently beea
demonstrated for two analytical models in NASA
TN D-5833 (ref. 11). In the present paper, the
primary purpose is to deiermine whether that con-
clusion continues to apply for seven analytical
models, where the five additional models involve
simple depcrtures from the original two with regard
to variable mass and built-up material.

NOMENCLATURE

Ve value of g on earth (32.17 ft/sec? herein)

Bpmax Mmaximum value of g loading that occurs
during impact stroke

9pmax maximun absolute displacement of payload
after initial contact between crushahle
material and landing surface




Qg value of pavload displacement at which pav-
load penetration occurs or would secur if
unbonded

R overall riddius for spherieal svstem

"T’ pavioad radius for spherical svstem

SEA  specific enevgy absorption; eneny absorbed
per smit weight of the ubsorber

S valve of lunding vehicle veloeity at the instant
the crushable material hits the landing sur-
face (300 ft/<ec herein)

Weo  original earth weight of ancrushed crushable

material
Wpo  earth weight of paviond
€ fictitious value of compacting strain assumed

for design purposes; slways less than €p,
m compiciing strain of crushable material
(0.8 herein)

[ uniform density of crushable material
cm ive W,
Pp pavload packsging density: “po/%e
(/3R
L maximum value of erushing stress of crush-

able material

DEVELOPMENT OF ANALYTICAL MODELS

All of the analy’'cal models are based on a
one-degree-of-freedom analysis prior to payload
penetration, with the payload and the crushable
casing acting a3 a unit, and a two-degree-of-freedom
analysis when penetration occurs, with relative
motion permitted between the payload and the casing.
The existence of penetration requires that the
material crushing stress is exceeded at the pay-
load surface and is assumed to require that the
payload is not even partially bonded to the crush-
able material. The decclerating forces during
penetration are provided by the crushing stresses
at the payload surface and the landing surface, sr
near those surfaces if the built-up-material effect
is incorporated in the particular analytical model.
These stresses are assumed to be maximum and
wmiform in the direction radial from the original
sphere-center.

It should be noted that acceleration and stress
equations are incorporated in the analysix as well
as motion equations (where the acceleration equation
is simply a motion equation solved for acceleration,
with different parameters allowed). The acceleraiion
equation {s includet because the payload is limited
to a specilied g-lnading and the stress equation
because the stress at the payload lower surface must
be known to determine the presence or absence of
penetraticn for an unbonded upper surface. These
equationd are preseated in ref. 11, together with a
detailed discussion of assumptions.

Some of e assvaptions in the developn ent of
the analytical mo  1s ore illustrated in figure . No
crushed materiad, for example, is shown trailing out
board of the pencirating payload; nor is any crusned
material shown tifl: 1 off the landing surface. Such
shear deformations are neglected in the unalysis. In
addition, the symmetrical distributicn of crushed
muteria! in figure 1 indicates that rolhiag is not
incorporated in the analysis, This is a conservative
approach necause the symmetrical landing should be
the most critical for a spherical system. The landing
surfuce is assumed to be smcoth, as shown in figure
1, with projections assumed accounted for by the
stroke margin of safety. For the inclusion of gravity
effects, the landing surface is assamed to be hori-
zontal; but these effects turn out t.. be negligible for
hard impacts (thc lucai gravity accelaration being
taken as 12.3 ft/sec?, the value for Mars),

1t is also apparent in figure 1 that definite bownd-
aries have been assumed between she crushed
material (vertical shading) and the uncrushed material
(unshaded). I is, in fact, assumed that each succes-
sive layer of material has a jump in velocity as it
moves from the uncrushed to the crushed region and
that there is only one velocity in each region. In
addition, the effects of shear resistance, end fixity,
Poisson's ratio, damping, and dynamic buckling are
considered adequately incorporated because of thefr
assumed presence in the crushing tests which deter-
mine the crushing stress used in the analys!s., Tt
density of the uncrushed crushable material is as-
sumed unifor n, and perfect rigidity is assumed for
the payload and tone landing scrface. Finally, an
exterior cover is assumed for the crushable casing
material which is strong enough to prevent material
shattering and yet weightless (except for comparison
with experiment, in which case the imown cover mass
is assumed uniformly distributed in the crushabl=
material),

Wken the equations of motion are used to describe
uan impact, the sizes of the vertically shaded regions
of crushed material in figure 1 are important if
stressed areas are to be known for the built-up-
material effect. These sizes arz determined by the
compacting strain of the crushable material, which
is the strain at which the stress rises abruptly from
a relativelv constant value. A second and fictitious
compacting strain is also used for an entirely dif-
feren! purpose. This strain is smaller than the
actual value and increases the apparent size cf the
vertically shaded regiors ir figure 3. For an
efficient fmnpact design, these enlarged regions are
required te. touch each other whea the impact energy
is fully absorbed, and thus the fictitious design comn~
pacting strain provides a margin of safety for the
stroke.
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At this point, it is useful to distinguish the var-
ous analytical models, as Hlustvated th Tiguie 2.
They are labeled "A" through "G" and differ o5 to
whether they account for variahle mass and built-up
material {n the motion equations or in the accelera-
tion and stress equations. The acceleration and
stress equations are treated together ruther than
independently with respect to varinble mass and
huilt-up material in order to reduce the number of
analytical models.

VARIABLE MASS BUILT -UP MATCRIAL
VARIABLE VARIASLE BUILT - up BUILT-uP

ANALYTICAL M85 1N MASS N MATERIAL  MATESIAL IN
MOCEL RO0N ACCLLLRATION N MOTION ACCELERATION
EQUATIONS  AND STRES>  EQUATIONS  AND STHESS

A NO NO NO NS

B YES YES YES YES

[+ NG YES NG N0

] NC Lo NG YES

£ L YES NO YES

¥ YES YES NO L1y

G W, NO YES vES

Fig. 2. Analytical Models for Landing Impact
Energy Absorptior

The "A" and "B" models are the models analyzed
in ref. 11, with the "B" model having all of the effects
of variable mass and built-up material and with w.c
A" model having none. Since these effects are
easier to incorporate in the accelerztion and stress
equations than in the equutions of motion, the "C",
D", and "E" models represent the simplest additions
of complexity relative to the "A"” model. The "F" an
"G" modeis are included to incorpcrate the effects of
variable mass and built-up material separately and
consistently.

It is apparent that "C"”, D", "E", "F". and "G"
are intermediate models which could be used to
investigaie counteracting influences. For present
purposes, however, they are restricted to checking
prior conclusions from the "A" and "B" models on
the desirability of preventing penetration by bonding
the payload to the casing.

1t should be noted that the A" model is the onlv
one for which the local acceleration due to gravity
is assumed to be zero and the resistance to pavioad
penetration te be constant. Fortunately, these limi-
tations have been shown to have essentiallv no effect
on the design results for the examples to be discusved
later, and they do permit the use of simple desicn
charts for the "A” model. These desien charts are
presented and discussad in ref. 11,

For all models except the "A” model. desians
are based exclusively on computer programs which
solve the one or two ordinary differential equations
mumerically. 1If desired. these progzrams can. of
course, be used for the "A" mudel as weil as the
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others, and the "A" mode! r2sults to be presented
in this paper ave progian: TesuNs.

Three programs have been assembled and are
available from the Ames Rescarch Center. Eusch
program can be used for any of the analytical models
hv a simple selection nrocedure. The first of these
pirograms checks a given configuration, including pay-
foad penetration when it oceurs, but does not automat~

ically carry out a design function. The second program

iterates successive configurations to determine the
outer radius und crushing stress required for a given
class of crushuble material to achieve a specified
deceleration and stroke margin of safety with a given
payload. Payload penetration is not included in the
second program because the crushivg stress required
for a specified payload deceleration can be determined
in advarce for penetration. In addition, with or with-
out penetration, the lightest configurations can some-
times be achieved by ~vecifving the crushing stress
in advance. As a result, a third program has been
assembled, including penetration when it occurs-~a
program which iterates successive configurations

{51 a given crushing stress to determine only the
crushable material outer radius required to achieve

a specified stroke margin of safety.

For the second and third programs, the execute
time depends on the quality of the initial design guess
as well as the complexity of the rrodel. These usu-
ally nonseparable quantities caused a range from
0.40 to 0.85 minutes of execute time (with some sub
averaging) for the present applications of the second
program, which achieves a spzcified deceleration as
well as a specified stroke margin. The third pro-
gram. which achieves only a specified stroke margin,
required from 0.17 to 0.23 minutes in the abscace of
pavioad penetration except for some times up to 1.16
minutes resulting from a search for nonexistent
penetration. In the presence of pavload senetration,
the third proagram required from 0.47 to 9.66 minutes
for the "A" mede! and from 4.55 to 6.25 minutes for
the other models, with the time advantage for the
A" model resulting from its harmless limitation to
2 constant resistance to penetration. A series of
spot checks indicated that the presence or absence
of the loeal acceleration due to gravity has no sig-
nificont effect on execute time.

It ic important ts vealize that onlv the A" and
“B" models in fioure 2 have been compared with
experimental results, with the other models added
to check the sensitivitv of prier con lusions on pav-
Ioad bonding. These evperimental results, which
were determined elsewhere (ref. @ and u private
commurication®), demonstrate the existence of pav-
load penetration and agree within 10 {0 20 percent on
deceleration and stroke with corresponding analvses
by the “.\" and "B” models. There are nat enough

“bonald R. Cunddall, Decomber 1977,
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data to determine which model is quantitatively better,

and this sugeests the use of the “A™ modet, for whick
simple design charts are available (ref, 11).

DESCRIPTION OF CRUSHABLE MATERIJALS

The foregoing discussion of analytical models
kas already suzgested some of the properties of the
crushible materials involved. In figure 3, for ex-
ample, curve ABCDE is a tvpical gtress-strain curve
with the compacting strain at point C, where the
stress rises abruptly from a relatively constant
crushing stress. as stated earlier, This strain
ranges from 0.6 for close-packed crushable materi-
als to nearly 1.0 for open crushable structures. In
the present aralvsis, the compacting strain is as-
sumed to be uniform and isotropic throughout the
materia!, regardless of the direction of maximum
stress.

AVERAGE CHUSHNG STRESS
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Fig. 3. Stress-Strain Curve for Tvpical Crushatle
Material

With regard to the shape of the stress-strain
curve, the etrain increments i the elastic region
between A and B and the rebound region between D
and E should be as small as possible in order to
minimize bounce-back. Since the area enclosed by
the stress-strain curve is the energy absorbed per
unit of material volume, the curve should approach
a rectangle. which gives the maximum ares for a
specified maximum crushing stress. This is the
reason for limiting the maximum usable strain to
that at point D, which has a stress equal to the pre-
vious maximum at point B. Actualiy, for the analyti-
cal models. the material is assumed to have a
perfectlv rectangular stress-strain curve which is
bounded by the compacting strain at point C and the
average crushing stress, as shown dotted in figure 3.

\When the area enclosed by the stress-stain
carve, in foot-pounds per cubic foot, 15 divided by
the crushable material density, in pounds per cubic
font, the resulting quantity, in foot-pound. per pound
of material, iz sometimes called the specific energy
absorption. This is 1 commonly accepted figure of
merit for eneny a2bsorbing materials, struts. or
overall svstems—the higher the bhetter, In figure 4,
it iz plotted against crushing stress as a means of
defining the three classes of crushable materiai
considered herein.
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The classes of material in figure 4 are labeied
Hekt halsa. heavy balsa, and honeycomb-like, with
the formulas for theé light balsa and honeycomb~-iike
classes based on curve fits available in the litera-
ture (ref. 2. p. 259). The modest term "honeycomb-
like" is used because its curve {it of the data is
rather loose and covers several types of aluminun

ard fiberglass honeycomb, For the material of inter-

mediate efficiency, heavy balsa, the constant specific
energy absorption is verifiable in t5e litersture (ref.
12, p. H-17); but the value of the constant has heen
lowered to make a Iater point. This decreane in
efficiency can be rougkly accomplished physically by
covering the spherical outer surface of the crushable
casing on the landing vehicle with a heavy layer of
weak material.

nzs--o#
g ’\ LIGHT SALSA
< o CORED
8 -~
£ . . - HEMY BALSA
N B s . ot
3 PONE YCOME-LIKE - <
g ":’%’
% ) SEA. 1t /D
I SEA. B/
o 749 % 108/gDM

£ . o (aresla048)
9 o 000
-
o

e i i 'y J
5 R S S SV S T I T R TR

CRUSHING STRESS, €, 3

Fig. 4. Energy-Absorption Properties for Three
Classes of Crushable Material

The lowest values of crushing streas for the
solid curves in figure 4 corrvespond to the stated
limits for the solid materials. For the light balsa
and the he:.vy halsa, however, the curves have been
extended with dashed lines down to two~-thirds of the
lower limits for the solid curves. This assumes that
one-third of the material can be removed by coring
in the radial direction without introducing significant
huckling, end effects, and/or FPotason ratio effects
and thereby reducing the specific energy absorption.

It should he noted for future reference that the
coring just described produces a knee where the
dashed curve for the light halsa in figure 4 meets
the decreasing solid curve. 1t should also be noted
that specific energy ahsorption increases with in-
creasing crushing stress for the honeycomb-like
class, in contrast to the light balsa. It should fi~
nally be noted that each curve in figure 4 represents
a class which contains, in principle, an infinite
number of crushahle materials, onc of each crushing
stress.




H

~ TSy

(vl Vo,

"‘!7"2

RESULTS AND DISCUSSION

Several design examples have been carried out
utilizing the honeycomh-like material just discussed
for a pavioad weight of 100 pounds. The resulting
crushable casing weights in pounds are plotted in
figure 5% against pavload radius in feet, with a non-
linear scale attached for payload packaging den.ity
ia pounds per cubic foot. These casing weights are
fairly high because the honeycomb-like material is
inefficient An inefficient material, with the re-
sulting heavy casing, is required to keep the 100
pound payload from feeling g-loadinys higher than
the arbitrarily assigned limit of 2000 when payload
penetration i{s absent (oper synibols in fig. 5).

PWLOAD MAXWEM -
LOADING 2200

900~ MMCT ELOCITY > 300
. tuvec
N ::tmun.agwnﬂm
 STRAW
2 8007 peay comactanG
- STRANI +07
$ o
=
2
Z 600--
-
‘)
-
5‘ 500~
I
Y OPEN SYMD ~ & THOLT
& 400 A/ PENETRATON

SOLL SYwH ~ T
PENE TRA 0N

T T T Y o
PL/LOAD RADIUS, 1
1052 €960 4683 3278
PAYLOAD PACKAGING DENSITY, /1t

Fig. 5. Crushahle Casing Weight for Honeycomy-
like Material and a Payload Weight of
100 Pounds.

An important desigr condition is that all design
exzmples in tigure 5, including the penetration
examples with solid symbols, a~e required to havs
a g-loading of 2000. Preliminary c=nvaples have
shown that this use of the maximum permissible
g-lcading results in minimum crushable casing
weight for all examples with honeycomb-like
material. The impact velocity is 300 feet per second,
the material compacting strain is 0.8, 2nd the design
compacting strain is 0.7. For these and all sub-
sequent examples, there is a choice between zero
and a hypothetical "perfect” bonding between the
crushable casing and the top of the payload.

As might be expected, the crushable casing
weight increases ax the payload radius increases
(and as the packaging densit decreases) in fismre 3

¥ Numerical results for these and other examples,
including outer radius and other pertinent parameters,
are presenied in Table 1.
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without penetration. This trend appiies for all the
analytical models, A" throuzh "G", with ¢1e "A"

and "B" models of reference 11 roughly in the middle
of a rather wide band. The hand iz wide enough to
make a designer wish there were enough experimental
data to determine the best analytical model in the
ahsence of penetration.

\When penerration is present in figure 5, however,
the band is small enovzh to be neglected as shown by
the filled symhols, Note that only three models in-
volve payload penetration, and these only at the lowest
pavload radius considered. The existerre of penetra-
tion at this radius means, however, that the "A", "C",
and "F" models require honding for universally non-
penetrating designs.

It is important at this point to notice in figure 5
that the nonpenetration designs for the "A", *C”, and
"F" models have higher crushable casing weights
than the corresponding penetration designs (the rea-
son heing that penetration permits a higher crushing
stress without exceeding the g-loading limit of 2000,
which 1ncreases the specific encrgy absorption for
the honeycomb-like class of material). Thus the "C"
and "F" models bear out what was noted in ref. 11
for the “A" model, namely that penetration should
not be prevented by bonding for the honeycomb-like
material. This result may be fairly general since
most materials have a positive SEA -, slope similar
to the honevcomb-like material in figure 4. This is
true even for most balsas, with the two balsa curves
in figure 4 being exceptions,

In figure 6, s.veral design examples are presented
utilizing the light balsa material with a paylcad weight
of 450 pounds. Although the payload weighs 4 1/2
times the weight in the previous examples and has
radii almost twice as large for the same impact
velocity and compacting strains, the crushable casing
weights without pencatration are roughly the same or
slightly smaller. The reason is that the heavy payload
permits the use of tho highly efficient light balsa with-
out exceeding the g-loading limit of 2000.

The crushing stress was specified as the lowest
available value (800 psi) without penetration and the
value at the knee of the specific-energy~absorption
curve (1200 psi) with penetration. These stresses
define the extremes of the cored-balsa region, for
which the specific energy absorption is a constant
24,000 foot-pounds per pound, and yield the lightest
possible casings for each example according to pre~-
liminary calculations.

In the absence of payload penetration (open syri-
bols in fig. 6), the crushcble casing weight increases
with increasing pavload radius as before. The trend
is once again the same for all analvticai madels, but
the bard is o little narrower this time.
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Fig. 6. Crushable Casing Weight for Light Balsa
Material and a Payload Weight of 450
Pounds.

In the presence of payload penetration (solid
gymbols in figure 6), the band is small enough to oe
neglected. This time, however, all models penetrate
at the lowest payload radius considered and most
models at the next to lowest; and this time the pene-
tration adds to the crushable casing weizht and makes
bonding desirable.

If the payload is not bonded, the wavy lines in
figure 6 indicate ranges for the payload radius which
yield the lowest crushable casing weight. The exis-
tence of such an optimum payload radius for all
models strengthens a similar result for the "A"
and "B" models in ref. 11.

in the examples given so far, the effect of pene-
tration has been evaluated only within a single class
of crushable malerials. For the 100 pound payload,
however, penetration permits a change from the
poneycomb-like class of material to the much more
efficient light balsa class without exceeding the g-
loading limit of 2000. As illustrated in figure 7,
this change results in a substantial decrease in
crushable casing weight at payload radii of 0.6 and
0,7 feet. {The unshaded parts of the bars represent
the often substantial weight range resulting from the
variety of analytical models.) This decrease cor-
rohorates for all seven models an earfier result
for the "A" and "B" models (vef. 11).

It is to be expected that the weight saving just
discussed will be sharply reduced if the hooveomb-
like material is replaced by a ma'2rial of inter-
mediate efficiency which is just heavy enough to
bring the g-loading down to 2000 without penctration.
As seen in figure 7, such is irdeed the case for the
presently specified heavy balsa material. An even
better material or structure might well have been
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found or developed—one which would compete favorably
with ihie penciroiing lighi buisa design., The peneiraiing
design will always have the advantage of simplicity,
however, in the sense of requiring no bond between the
payload and the crushable material.
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e

Flg. 7. Effect of Penetration on Crushable Material
Weight for Different Classes of Material
with a 100 Pound Payload at Two Payload
Radii.

CONCLUDING REMARKS

In summary, the important infiuence of payload
penetration on crushable casing weight and overall
design, recently demonstrated for two analytical
models, ha; been corroborated for several additiona!
models utilizing different combinations of assumptions.
This corroboration is based on three groups of design
examples: one group involving 2 100 pound payload
and a specified honeycomb-like class of material, a
secund group invo’ving a 450 pound payload and a much
more efficient light balsa class, and a third group
involving the 1€0 pound paylosd and three classes of
material. In both groups of examples with the 100
pound payload, the payload should not be bonded to
prevent penetration because penetration decreases
the crushable casing weight.
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302R o R 0611052 { NG 8 YES 1813413867 5.2 s
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3F2R F [ oshios2§ KO 8 YES 1813313881 582 '
ae2a G R 0611052 NO B YES 1822114070 s.08 6
SA2RS] A R a, 07| 6960} NO H NG 2.2207/53040| 0.40 9
swms] 8 Ry, 0. 6960] NO H NO 528.73] 058 ]
4C2RS [ R o, a7 £960 ] NO H NO 336.11 0.78 9
402/s] © R, 0y 07} 6960} NO H NO »e4] 088 9
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wIMs| F R 0o 09} 75| no H NO 0548 059 ]
awsl G R. 0o 09l 3277, NO “ NO Mmool ost 9
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DAMPING
EFFECT OF FREE LAYER DAMPING

ON RESPONSE OF STIFFENRED PLATE STRUCTURES

David I. G. Jones*
Air Force Materials Laboratory
Wright-Patterson AFB, Ohio 45433

ered in some instances.

Simple formulae arc derived using the normal-mode method, repre-
senting the effec: of uniform free layer treatments on the modal
damping and stiffn2ss and the stress levels under uniform random
loading of stiffened skin-stringer type structures. The danping
and stiffness formulae are simple generalizations of the well
known Oberst equations for uriformly covered unstiffered structure
and are subject to similar limitations and restrictions. The
formulae for random rms stress levels give a simple accounting for
multi-mcdal response and give the maximum nominal stress in the
skin regardless of where this maximum occurs, but do assume that
the design is adequate, so that the stress levels in the stiffen-
ers do not exceed this level. Experimental verification is off-

-

INTRODUCTION

Stiffcned skin-stringer structures
are still ugsed in many areas of modern
aerospace vehicles wherein they are ex-
pected to withstand jet engane and
boundary layer noise excitation on
fuselaye and control surface areas and
to have reasonably low acoustic trans-
missibility and propagation character-
istics in embedded-engine duct regions.
To achieve these desirable character-
istics, careful attention must be paid
to degign details such as stringer and
frame spacing, skin thickness, curva-
ture effects, stringer geometry, ratio
of stringer to frame spacing, noise ab-
<orbing materials etc. However, the
damping of the structure is alsc a
characteristic which often l2s an im-
portant bearing on response aplitudes,
stress levels, noise transmissibility,
and sound pxopzjation along ducts. For
some structures of the skin-stringer
category, for which the geosetry is such
that the modss of vibration occur in
distinct and well separatea groups in
the frequency domain, tuned dimping de-
vices might conceivably ke ustd for the
purpose of introducing useful amount*a
of damping; although no successful
practical applicationg are known.

For most skin-stringer siructures,

however, the gecmetry is such that the
modes do not fall into distinct groups
and may occupy a very wide frequency
band, 30 that tuned dampers would be
ineffective. 1n such cases; layered
damping treatments would be wmore suit-
abie. These include the free layer
treatment, the constrained layer treat-
ment, the sandwich skin and the many
variations of these. However, analysis
of complex skin-stringer structure with
such treatments applied is usually
difficult.

An examination of the literature
pertinent to the effect of free layer
treatments on structural reiponse re-
veals a number of important milestones,
sucl. az Oberst’s celebrated equations
[1] for the effect of uniform free
layer treatments on stiffened {or rig-
idly stiffened) structures, Mead's in-
vestigations [2] of the efifects of ran-
dom loading and partial coverage and,
more recently, the possibility of ap-
plying transfer matrix techniques to
the exict solution of respoase problems
of multiple bay stiffened structures
with additive damping [3}. Most of
these analyses have been rather ccmpli-
cated, hotrever, and no simple formulae
for stiffened plates with uniform cov-
erage, comparable with those of Uberst
for uns! iffened plates, have appeared

¥fechnical Manager fox vibrations and Damping, Strength and Dynamics Branch, Metals
and Ceramicc Di{vision.
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in the literature.

It 13 the purpose of this paper to
derive, by means of the normal mode
n. hod, simple formulae representing
the effect of uniform free layer treat-
ments on the response and damping of
skin~stringer structures and to verify
experimentally the Lccuracy of the re-
sults. The formulae are simple general-
izaticns of those of Oberst for un-
stiffered structures and are subject to
similar limitations and restrictions as
to conditions of applicability. The
analysis may also possibly be extended
to take account of the effect of multi-
ple layer constrained damping treat-
ments on response and damping, by mak-
ing use of the fact that, within limits,
such treatments can be trcated as
equivalent free layer treatments {4].

RESPONSE T> HARMONIC EXCITATION

Analysis

a. Damwing of Unstiffened Plates

The egsaticns describing the effect
of a stiff free-layer treatment, as
illustrated in Figure 1, completely
covering an unstiffened (or rigidly
stiffened) plate, on the damping and
resorant frequency are well sgtablished,
as for example by Oberst {1]. These
equations are:

2 3,24 7
+2en” te n (1)

s _ en lB#Gnn&n
2 4
n_

"o 1¥en {1i2en(2+43ne2n’)4e

. 2 .
opMpl|fr 1+23n(2+3n+2n2)+e‘n‘
llf—-c—s—- z;: M e — +en (2)

where -_ is the loss {actor of the
structufe, n, the loss f>cter of the
damping natagial at the resonant fre-
quency I of the damped structure. f
is the undamped natural frequency of
the stracture in the n,m mode. These
formulae are the basis of the Oberst
technique for measuring the damping
properties of stiff vigcoelastic mater-~
iala [5].

Ap alternative derivation to that
of Oberst is more convenient for present
surposes. The Euler-Rernculli equation
for the plate-damping layer combination
may be written in the foxm:

Dev‘w-(;h+anhb) W = Pix,y) 3)

wheze De =D + Dy (4}

106

- viscoslastic layer

uxi—-' ez _ :135""
T TN at
VAN N 2

neutral axis aatal plate

Figure 1. Free layer treatment on
unstiffened plate

and D is the flexural rigidity of the
plate, and D, that of the free layer,
allowing for the movement : 7 the neutral
axis. The distance mh of tne neutral
axis from the .enter plane of the metal
plats mey be determined by recognizing
that the net thrust in the x and y
directions must be zero in the absence
of in-plane forces i.e. [0 dz=/o dz=0.
From the standard theory 8¢ bekding
of plates, it is therefore readily seen
that [6]:

® = (1-n%e)/2(1+ne) (5)

The flexural rigidities D and D, are,
therefore:

nh .
p= { (8/(1-v}))z%z = En’A/24(1-v?)

}w*n)h 2 2
D, = i (B, (A+ing)/ (1-v )l z%Qz =

EBB(L + inp)/24Q2 - vP) m

if it is assumed that v, = .. In these
equations A and B axe dgfined by:

A = [ {1-nle) 3+ (1el2ntn?1e) ¥} uma)'a“)

B = {(2n+1+nze)3-(1-nze)3) (1+nc)'3
1t ng is the effective loss factor of
the “structure, it is then readily seen

from an examination of equation (3)
that:

ng=In(D_) /Re(D )=ny (1+A/Be) " (10)

and the frequency ratio frlfn- is given
by:
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(Leoghp/oh) (£,/E 12 = Reib)/D, =
(A + Be)/2 = 1+ (A-2+Be)/2 {11}

if use is made of the undamped and
damped plate equations for free motion:

4 2 _
DOVW thnmw = 0
Re(D )vd% - Gohes h )2 w = o
e aaATophip ) vy
Egv as (10) and (11) are apparentl:
8¢ t different from those of Obeisc.
Ho 2, it is readily verified that the

two sets of equatiors are, in fact,
identical.

b. Damping of Stiffened Plate Struc-
ture

The analysis of the stiffened plate
is necessarily somewhat different from
that of the unstiffened plate because of
the different equations governing stil -
erer motion. A useful approximat: anal-
ysis may be developed by considering the
effect of an elementary reccangle aixty
vf damping layer attached to the surface
of the plate, as in Ficure 2. 1t is
assuxed that the element axAy is small,
80 that the curvature of the deformed
plate surface is uniform. It is assumed,
as in standard plate theory, that fplane
sections remain plane. The unbalanced
moments M and M at the ends of the
element ogpose e motion of the plate
and give rise to the damping. These
moments are, from standard theocy:

u =00 ) [ H/ax v By a2

ny- (DD ) (azwlayz)w (azw/:axz)) (13)

where De =D+ DD‘

Figure 2. Element of free layer
treatment cn stiffened
plate
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hsse moments, in luin, may be repre-
sented as pairs of forces M_,/éx and

M, /iy, a distance éx,'y apart respec-
tively, as in Figure 3. The damping
material element has therefore been re-
placed by a set of forces acting on the
plate and the Eguation of Motion may be
written:

4 2

DT W-zh. W-oDhnwzw I(xl,xz) I(yl.yz) =
P(z,y)—(Mx/éx)[é(x-x1 —i(x-xl-sx) -
e(x-x2)+6€x-x2-£x)] I(yl,yz) +

My/3y) L= (y=yy) =3 ly-yy-2y) -

Y=y )iy, i) ] T(x).%,) (14)

We now expand W and P as series of norm-

alzmodes ¢f the undamped structure, i.e.

W=p W oo - (%,yi: P=; P 1+ _(%,y) where
A PR AW Am DR nm

the modes ¢ satisfy the homogeneous
differentia®equation
4 _ 2 -
DOT ¢nm = ohwnm o (15

and the orthogonality property
£;¢nm(x.y>epq(x'y)dxdy=0(m,n#p,q)
#0 (n=n,p=q) (18)

x, X3+ ax
n, ",
= =

1

", 1

/. — T._ ix —-ci
" x, - i

Figure 3. Forces and moments arising
from damping layer element

Using these expansions, factoring Equa-
tion (14) throughout by :__, integrat-
irg over the surface area*’S, using the
properties of the delta functions, tak-
ing the limit as Ax and Ay-0, and inte-~
grating over the treatment area D, we
therefore have:
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sho? -.n.? 2 -
pq( h. ) dxdy
"DhD-Zf‘ TwWoe dxdy =
D nm MR OBROPq
A 2,052,
v om0 7 Tam :
_(De-DQ) lj‘,lmw‘““‘: ) +'_‘_f—. ' ——?‘ +
JOx Yy ;X
2, 2, 5 2.7
“rm ‘nm ‘pq;
— ty ; _?—ggdedy +
! v X } Y
122 axdy (17
Pe ‘g “Pg

This is a series of coupled equations
for the various W,, and cannot be solved
exactly in most cgges. However, if the
treatment covers the structure surface
uniformiy, the coupling terms are usual-
ly small. The criteria necessary for
this step to be allowable ~re:

,er(:-%m/sxz)(a%m/sx:) dxdy

<< ij (32:m/3x2)2 dxdy

T P 2
,]D(sz¢m/3y2)(a bp/2¥") dxdy
2 2,2
<< ,’[D(a spn/3¥7)T  dxdy

: 2 2, ,.2, 2
u’n(a I/ 2¥ T (355 /7%7) dxdy

2

[t 3 4 m 3z'nm
<< — | dxdx
‘ol ay x -

Ultimate verification of the validity
of neglecting coupling will demand a
knovledge of the modes and their deriv-
ataves for each specific structure.
For the moment it will be assumed that
this step is ailowable, so that to a
reasonable degree of approximation:

‘2 - 2 ¢ -
Wog (ehus=ohu®) ,sj 0pq 25y

U i 35y d2dy =

4 2
- - {
(®, Do)Hpq(Ipq/L )+qu£; opqudy (18)
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2u( 2,.2 2 2 2
v{L/8) (3 °pq/3A ) (3 qu/as y)dxdy

(19)

Therefore: .
W = 2 ol T (20)

r.;q-s‘[u—r‘mgfhou )J_‘i%i_’fm
vhere

2pq™] 4pq X1/ 02, axdy (21)
and

qu-ze;q { S[ .;q axdy/T (22)
Now (D_-~D_)}/D_ = A/2-1+Be/2+in Be/2 s0

that, 03 3. if tae effective lgu fac-
tor in the pgth mode:

o = n.[1+(A-2+8__)/Be}”} (23)
s D Pa

and the frequency ratio is given by:
(M4ophpape/oh) (6,76 ) dmlt (A-24Be) /8 g

(24)

It iz seen that equations (23) and (24)
are more gemral representation: of the
Oberst equations and reduce to those
equations for unstiffened plates, in
which case 8pg = 2 and = 1. Essen-
tially, o fﬂ a parame measuring
the iner effect of the treatment,
and is =7zl to unity for full coverage
of stiffened and unstiffened plates, and
8n.g i3 a measure of the effect of the
sggffcnezs. The generalized Obexst
equations are applicable under much the
samne conditions as the original Oberst
eguationeg, i.s. the structure must be
fully and uniformly covered with the
treatment. If the structure is caly
partialiy covered, neithcx thoe Cberst
nor the genexralized Obecst egquations-are
applicable, and coupling must be allowed
for through squations (17) or some otlLer

‘means. HNevertheless, ths equations are

extremely useful since thoy give simple
algebraic expressions for the damping
and resonant frequencies of any uni-
formly covared structure for which o

end ‘pq are known or c¢an be estims .
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The functions A and B are defined
in equations (8) and (9) if the treat-
sent is applied diractly to the skin
suriace oi the structure. Graphns oif
useful combinations of these functions,
namely A-2+Bs, A/Be and Be, versus e
and n are illustrated in Figures 4 to 6.
The other variables on whicn the modal
damping depends are 8., and apg.
is about unity for uniform coverage,
but 85y can vary widely. For example,
8pgq = 2 for a very lightly stiffened
agguctu:e, or a very heavily stiffened
structure in which the stiffeners dc not
move to all intents and purposes. For
typical skin stringer stxucture 2,q can
vary from 3 to 10 or more. For infe-
grally stiffened structures, illustrated
in Figure 7, 8pg can vary from 10 to 30
or more, 80 that very little uamping
can be achieved unless, as is possible
in some cases, the treatment ig applied
acrcss the tops of the stiffeners, as
suggested by Cicci and Clarkson {7].

In this case, the 8pq remain the same,
but the functions A" and B are changed

to taks account of the new neutral axis
location, leading tc greatly increased
damping. Further damping may also
accrue if the strips of viscoelastic ma-
terial resonate and act as tuned damping
devices [7). However, this latter
source of damping is of very uncertain
value in view of the variation of the
propertiex of mcst viscoelastic mater-
ials with temperature, leading to highly
variable resonant frequencies for the
strips of damping material. If, in the
system illustrated in Figure 7c, the
stiffeners are assumed to rotate without
bending as the plate deforms, the free
iayer treatment may be treated as if
merely separated by a distance H = Mh
from the skin surface and the distance
mh of the new neutzal axis, ohtained as
before, becomes:

a = 1l - ne+g21;.+n) (25)

and, upon determining D and as in
egquations (6) and (7), it turfis out
that:

3 3
A = l1l-ne(2Men)} +i;:ne§2$zu+n}} (26)

p - laneieaen?eid-cremener? .

(1+ne) 3

all of which expressions roduce to equa-
tions (S), (6) and (7) respectively for
M = 0. Por large valuos of M, of the
ordsr of 10 or more as is quite typical,
the values of A and B are far greater
than for M = 0. As ar exarple, let
a=3, nnh- 0.5, ¢ = 0.1, and 8 = 20.
Then for ¥ = 0, Pe = 2.2, and

A-24Be * 2.4, whence B = 22, A = 2.2

and ng ‘= 0.031., On theé other hand,
when "M = 10, A = 26.2 and B = 2350,
where n,_, = 0.42. This represents an
increas® in n_ by a factor of over ten.
Even greater Eelative gains can be
achieved if & is greater than the val-
ue assumed in -~ the above example, as may
readil' he verified.

- .} P V' Ui W

\

Ty T

A-2¢Be

]

T
N
N

\l Tt

| I [
1.8 2

Figure 4. Grapha of A-2+Be
versus e and n

Experimental Investigations

a. Tests on Cantilever Bzams

In order to verify the analysis, it
was first necessary to measure the prop-
erties of the material to be used for
the free layer treatment. The material
selected was LD-400, attached to the
structure surface by mesns of a very
thin layer of szelf adhesive tape (Scotch
brand #{10, 3M Co.). The cantilever
bear tests were carried out on an alumi-
nuRr beam 0.05 inches thick and 7 inches
long. The free layer thickness was
equal to the beam thickness in each
cnse. The beams were clamped at the
root in the fixture of ‘he Bruel and
Kjaexr complex modulus apparatus as
shown in Pigure 8, ip the customzry man-
ner {5]. The response characteristics

Ry
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Figure 5.

Graphs of A/Be
versus e and n

S [T
4 4 [(89) =

(s} Fin-StEinges stivesurs vith free
layer LTEAtAONT Siuw) sain e

=

b} inte¢Tal Strusturs vith free-layex
treathart o8 shia surfacs.

1c) uaifern iataprsl strwetuse with
2508 trestment aleag U
of stittesass.

Fiqure 7. Free layer trea’ment
configuratione

of the first two resonances were noted
and graphs of measured loss factor n

and {l+pphy/ch) (iilf 12 verrus tenpela-
ture are Shown rlgnro 9. From equa-
tions (1) and (2), the values of and
n., the modulus ard loss factor o the
sBaple of LD-400"usad, were calculated
and are plotted in Piqure 10.

L
é,/ ——— P
;//'
4 e A ORCHLATOR
/) /
/ //
| =t
% ?m
/ $ OIS
L] awuren NECORER

Figure 8. Specimen in
Complex Modulug
Apparatus
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b. Tests on a One-Snan Stiffened Plate

In order to verify the analysis for
stiffened scructures, a one-span struc-
ture was bnilt ian such a way as to re-
tain as great a degree of simplicity as
possible. The geometry of the struccure
is shown in Figure 11. The skin was
attached to the frames by means of bolts
and the frames in turn were attached to
a gshaker table through two pairs of
three-quartexr inch deep bloacks

7 ™
o ] n@-:r‘u:v’tv‘w@vwv{h_.! .}_
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Figure 1l. Geometry of cne-span
stiffened structure

The first tests were carried out to
deternine mode shapes, resonant frequen-~
cles and initial damping, "\sing a sub-
miniature accelexometer to measure re-
sponse, The first two modes are illus-
trated in Pigures 12 and 13, and were
obtained by moving the accelerometer
over the structure and measuring the re-
sponse at constant input. It is seen
that the longitudinal modal functions
are very close to sinuscidal in shape,
whereas those in the transverse direc-
tion are practically those of a clamped-
clampsd beam with an effective length
between clamping points of 7.0 inches.
The fundamental mode of a clamped-
clamped beam (8] is superimposed. Fig-
ure 14 shows the variation of resonant



freguencies with skin thickness. From
these figures, estimated values of
and ¢* are plotted in Figure 15. t
Using‘‘these values of .  and {,,, and
the assumed mcde shapes ‘land detiva-
tives {8], it was readily showr that

8,, = 3.2 and 3,, = 2.7 for h, = 0.050
inches and «,, and a,, were agproximate-
ly unity. The initial damping was
srall, being of the order 0.007.

i F

affective
~lamping

va
u

01~l)

o)r

poy

Figure 12. Observed mode 1,1 shapes
for h = 0.050"

The next teots were carsied cut
for a 0.0% inch panel thickness, with a
layer of damping material [LD-400] 0.04
inchas thick attached to the surfac. by
‘means of a very thin layer of the self-
adhesive tape as in the bsam tests. %he
structure was thin placed in an environ-
mental chamber as in Figure 16 and ex-
cited by means of a small magnetic
transducer at the center. The response
amplitude was picked up by means of a
sub-miniatura acceleromater at the cen-
ter and the damping n_ measursd in the
1,1 and 3,1 modes by fleans of tne "half-

barndwidth® method. ncasurcg val-

uas of n_ and (l+p eh) (£ /£ )¢ ara
plotted !gainst t ature in“"rigntes
17 and 18. Analytical results based on
8;; * 3.2 and &,; = 2.7 in equations
(53) and {24), are superimposed and
agree vell with the measucred results.

The good agreemant d>etweon theorxy
and enperiment indicates that the modal
coupling is indeed low for nearly full
coverage and that the estimates of 8;,
and 83; ars reasonably accurate. In the
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Figure 13. Observed mode 3,1 shapes

for h = 0.050"
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Figure 14. Frequencies of
stiffened plate

case of morxe general structureg, the
estimation of 8, is a very cifficult
matter since thsqnodel and their deriva-
tives are rarely known to the reguisite
degree cf accuracy. In that event, one
may often invert the procedure and easti-
mate fpg by applying a known treatment
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Figure 15. E’l‘l and e';l versus h

Pigure 16. One-span structure in
environmental chamber

in such a way as to eliminate, or nearly
eliminate, coupling and then vary 8pq in
squations (23) and (24) until the
analy is and tiie measured data agree.
This may seem a trivial point, but the
then known values of B8,,, can thereafter
be used along with thcgg equations to
estimate the e¢ifect of other trsatments.
This procedure will be followed in the
cas2 of the three-spar skin-stringer
stxucture.

c. Tests on a Three-Span Stiffened
Structure

in order to verify, at least guali-
tatively, the usefuiness of the analysis
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for more crmplex structures, a three-
skin-stringer sitructure was built,
as illustrated in Figures 19-21.

The structure was first excited in
the undamped state ii: the manner illus-
trated in Figure 22, Using the magnetic
transducer and sweeping frequency, it
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Figure 13, Overall geometry of
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Figure 20. Details of stiffener
geometry

Figure 21. Photograph of three-
span structure

was rezdily established that the first
“stringer torsion” mode and the first
"stringer bending” mode could readily
be excited. The intermediate mode,
being unsymmetrical about the canter of
the plate, was not excited. Higher
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wodes could also be sxcited but only

quency domain. Typical response spec-
tra in the three bays, as measured by
miniature acceleromaters, are illus~
trated in Figure 23. The significant
resonant frequencies were cbserved to
change very slightly over the tempera-
ture range 0°F to 125°F.
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Ficqure 22. Three-span structure
in envirommental chamber
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The next tests were carried out
with a single layer of LD-400; attached
by maans aof the doubla-~back tape as be-
fore, on the center bay only. Coupling
between modes was quite strong, appar-
ently, because the observed values of
n_, for the two first band modes behaved
al shown in Figure 24 with temparature.
This variation bore little rasemblance
to thac 2nticipated if no coupling were
present.
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Pigure 24. Graphs of ng Versus
tomperature

When LD-400 sheets were attached
to all three bays and ths tesis re-
peated, the variation of n_ with temper-
ature was as shown in rigufo 25. The
data is plotted for both modes and for
all thres bays. If 8pg is taken to be
equal to 8 and if the same LD-400 prop-
ertisas are used, the analysis.predicts
the results shown in Figure 25. The
consistency of the agreement is quite
satisfactory and indicates that a single
parameter 8, for both modes, equal to
8.0,1s su££§81ent to account for the
o:.gzved damping and resonant frequen-
c“‘!

RESFONSE TO UNIFORM RANDCM LOADING

Resronse of Skin-Stringer Structure

Sn far, we have calculated the loss
factor and frequency of a damped stiff-
ened structure. These guantities in
turn affect the behavior of the struc-
ture under random excitation, as by a
jet engine, and the effect of the damp-

trestment on rms stresses is of
considerabls importance. The problem of
predicting the stress response levels in
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Figure 25. Graphs of ng and 2
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skin-stxinger structure under acoustic
excitation has been examined by many in-
vestigators in recernt years, the work of
Ballantire et al [9}, Clarkson [10], and
Wang [11] being indicative of the cur-
rent state of the art. These investiga-
tions have shown the role of detail de-
8siyn and structure gecmetsy and have led
in some casec to design charts, based on
testing of specific types of cotructure.
Limitations have included the need to
azsume only one significant mode of vi-
bration, a certain lack ~f comrservatism
in the agreement between the analyses
and the available experimental data and
lack of information concerning the mag-
nitude of the damping.

It is assumed in the present analy-
8is that the random pressure lcading on
the skin-stringer structure is uniform
over the entire surface, that the power
spectral density of the excitation is
uniform over the frequency range o: sig-
nificant response and the damping :aater-
ial is applied uniforr" so that mcdal
coupling can be negl« “

Consider first any flat skin-
strirger structural element under uni-
form harmonic loading P exp(iut) as in
'igure 21. Then from equatiou (20), the
response at any point (x,y) is:

[Eﬂ } Wwix,y) =
iL4p
(28)
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where

V.. = i

;a2
E3 L ’pq dxdy/é 9 dxdy

g (29)

The stress response in the x-directicn,
paraliel to the irames for the skin-
stringer structure; is given by:

o "E-mhi (@%/ax?) +u (a%w/ay®); (30)

and, if the frames are very much ctiffer
than the strincers, : __(x,y} can usually
be written ir the seplfable form
:p(x)zq(y) where ;~q(y) - Sinlg=y/:).

Therefore, upon simplification:

4
o = EhL, ’—hne(z-&n)-! ,
x 2,‘,“I‘z i l+ne |
¥ Chik (qul.zzz/iz)epl;’f

i} BA_®
Pa 4 TaAc2nd) Umﬂim]
P3 ‘pq}

(31)

where ¢, = I.zdzo dxz, EY is the value
of ng fgr the p,t mode J.S“

4 e (A-2+Be) /8 __ )

Xpg ° 29 b Y (32)

1+ apqonhD/oh

If we now replace the harmonic excita-~
tion P by a random loading of spectral
density Gp{u), the mean square strass

response a—;" is given by: -

2r

20, (1+ne) 'Iz :7 [

4)2
x ohL -
e (1+42neran?) | G2 ) }

Gp (»)

2t2L2/i2)G I i

[1 A-z+s€' et
' a"pq"— Pa

a [s;ﬁvnzwzl.z/l.)en] &.dez

[ JA-2+Be] .4
| 'i"sm.] 14 B }Em

Zm(o-l? (vg

(33
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where df.z = do (ohh‘m )1/2.
gral in equation (33) can be evaluated
tumerically if the maximum values of p
and q ire not. tco great within the iunge
of significant response and if Tpg*

The inte-

e
¥q &nd Soy are known. FPor-the preseng,
hgwerver. ve shall utilize Mercer'’s ob-
servation [12] that the errors irvolved
in neglecting cross terms in the expan-
sion of the doublc series in equation
{33} is small, so that to a reasonable
degree of approxization:

22 1
zno (1"'“@) -} Gx DM‘)I -
{Ent? (1+2neten?) | cpi

2x
Dy

'12 {o'i(vgzrszflz)Q ]2 ’2

i} BB, p_'qg .

ra Xpq u*“pq"DhD" oh)

- ale/x )2 a0
— 3,4 )

0 (1-¢ /qu) + “spq

The integral ir eguation {34) has been
evaluated by Maad {13):

s ds
4{ (1-02) 2402

/ 14+ v/ﬁ‘r{zr
14n J

s0 that, finally:
2D, (1+ne) [ 4

1
phi” |7
mz (1+2nc*enz) Dy

= P2(n) =

—_— (35)
/3

{
i

-

Ox

G_8F(n ) (14a_ o b /oh)1/2

Nil+(A-2+Be)/ qul

where

(36)

'27 ¥ 230"+(vq2:2x.2/12)0p12
P g P
[
r

“pPq
if we assume that ap,., 8pg and n are
approximately indepgden of nod!pamet,

as is often the case for uniform cov~
erage of damping treatment.

s=}}
M

The advantage of equation (36) is
that it does allow, in some degree, for
multi-mocal response and the damping and

*r
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stiffening effects of the treatment in
a simple equation. Furthermore, it
most fortunateiy turns out that the
msximum valus of £(x,y) does not vary
greatly from structtre to structure
even though the point at which this max-
imum occurs may vary widely. The value
of 8 may be determined readily in

c idealized cases from a know-
ledge of the modes, their derivatives
and the eigenvalues. For example, if:

can be shcwn tnat (i) 3 = 0.52 for a
pinned-pinred plate a: the center in the
fundamental mode (ii) & = 0.45 for
the first mode of a cl: ~clampecd-

pinned-pinned plate at the clamped 3dges
(1ii) s = 0.52 at the two center sup-
port X onr for a five span pinned
plate 114} vibrating in the fixrst band -
of mo 28 only (iv) & = 0.57 for the
two center support 10C&tions of a rine-
span pinned plate vibrating in tho

first band of modes oniy and (v)

0.55 for a typical skin-stringer .!!ﬁc
ture {i15]. It may therefore be taken
thatc-u-OSI. bBow v = 1/3 and
Fin_ ) = v3/2n_ for small ngs 80 that
equltion {36) 'becuos for®a typical
stiffened plate structure:

ol ®0.756, (L/m 24 532

oM 0 V2 tmed (B

wvhere
1
2
fin,e) = Ey., Dhb {1+zm.n}
-3
) {1 + 2the) 139)
M,

If n =0, £{0,e) = 1 and we recover the
s stress levels for a nominally un-
damped structure. In oxder to ensure
that the structure can withstand a given
spectral density without exceeding
a specified rms sttess, therefore, one
may vary the geometrical parameters L/N
and h, the physica. parameters E and ¢
ard the damping treatment parameters,

n, and f{n,e}. Clearly, L/% and h are
tle most influential variables and
should be chosen properly at the design
stage. Once-fixed, howevar, changes

are difficult and expensive to make and
the only other parameters capable of
being veried without major structural
alterations are the damping parametere.
The guantity n_-1/2 £(n.o) 1: thezefore
a direct ‘e of the effectiveness
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of a given domping treatment in reducing
the rms stress levels in a given struc-
ture.

In order to illustrate the appli-
cation of squation {39}, consider th2
structures tssted earlier, for which
h = 0.95 inches and ¢ __ varies from 2.0
to 8.0. If LD-400 u“!ppued uniforaly,
using the adhesive tape as before, in a
0.03¢ inch uniform thickness. then

= 1.0 and n = 0.72. The properties

ogqt}-e 1LD~400 sample are taken from
Figure 10. The resulting graphs of

‘1/2 f(n,e) are plotted versus temp-
efature in !‘zgurg/gs. 1t ?: seen thail

=8, {2 fin,e) is aqu

to abggt 4.2 vhireas for a Minuly ua-
damped structure, for ugich f(n,e}) = 1
bavirg n_ = 0.005, n f(n,e) = 14.1.
This ts to a significant reduction
in random stress lavel. The temperature
range of useful stress level reduction
can be ocbserved in Figure 26 alsc.

i
|
i
i
;

-;”’ tn.0)

\\‘“__— J
.l ey 100y
TEWaTEE
-1/2
Figure 26. Graphs of n f(n,e}
versus t rature

rimental Investigations

No directly applicabie data relat-
ing to measured rms stress levels in
structures damped by a free layer appear
to be available. However, for rominally
undamped structuxes, a considerable body
of information has been publighed. 1In
order to compare equiation (38) with this
experimental datu, it is advantagecus to
recall that Yol s and are guanti-
ties usm:iae“ith each cular
test condition, whereas E, h, L, N and o
are associated with the structure geome-~
try and materials. It is therefore more
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convenient to rearrange this eguavion
into the dimensionai group foc:

1/4y=3/2_~1/4
(40)

A pr——

*Thax /G‘) = 0.75(L/N)E

Two separate major sources of test data
are cited, one associated with an Air
Force Flight Dynamics Laboratory con-
tractual investigation reported in ret-
erence {9] and the other with an Air
Force Materials Laboratory sponsored
iavestigation reported in reterences
110,16].

a. Test Series No. 1{9]

In this test saries, a number of
skin-atrinser structures of various
thicknasses h and loss factors n were
ﬁxcitod by various random acoustic

oadings . For these stru es,
L=20 insfpﬂ = 30r 4, E= .L‘o:%“:b/:ﬂz:
2 = 0.101 Lb/in3. Some of the test e~
sults, reduced according to equation
(49), are shown in Table 1.

b. Tes* Series No. Z[16)

In this test series, a wide varicty
of skin-stiffener atructures were tcued
under random ascoustic excitation. Test
resuite for those configurations appli-
cable to the present analysis, nasely
equation (40), are showr *n Table 1.

Figure 27 shows the gri of
¥8Z_"n/Gp versus 0.75(L/¥} ;?ﬂ 1-3/2
o~3/8, 1t is seen that the analysis
does indeed come close to being aa upper
pound to the observed stresz levels.
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Comparison of theory and
e:setimt for acoustically
induced stresses.

Figqure 27.
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CONCLUSIONS

It has been shown that extremely
sixple algebraic expressions can be
to estimate the rasponse and damping
characteristics of stiffensd skin~
stringer structures uniformly covered
with a free layer damping trectment.
~hese equaticns are simple generaliza~
tions of the classical equations of
Cberst for uniform coerage of unstiff-
ened structures.
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TABLE 1. EXPERINENTAL STRESS AND EXCITATION LEVELS

1 i orig. L L h |Spect} G o o g (EYI L
¥%o. | Des. ! ins|N | ina | ins |icvel pgi "'max | = = | i{-:-!%‘ w
3 (H2) 'é- ksi P . h;‘f,'
STR-1A | 20 3 |12 .032 1123 .00415 |5.22 .030 | 218,000 386,000
STR-2A | 20 3 |12 .032 1123 .06415 [4.53 .036 | 205,000 386,000
STR-3A | 20 3112 .032 {119 .00258 | 5.05 .028 | 328,000 386,000
STR-SB | 20 3§12 .056 | 129 .00830 {4.71 .026 91,500 197,000
STR-6A | 20 312 .071 [13¢ .00930 | 5.40 .020 57,400 200,000
STR~8A | 20 3112 .100 { 140 .0292 5.11 .034 32,800 70,000
STR-%A [ 20 3 j12 040 {120 00294 | 6.20 .034 38,800 274,000
STR~20A | 20 3112 .090 1137 .0209 6.85 .026 53,000 82,000
STR~-23A | 20 £ j1z2 .032 {121 .0033 3.4 .024 {160,000 280,000
3-C 7.351117.35 § .040 | 116 .0018 1.50 .034 | 154,000 306,000
4-E $.20§1] - .040 } 119 .00255 | 4.00 .024 | 289,300 341,000
SR-% 4.131114 - .050 {121 .00325 {1.78 .034 [ 101,900 123,000
C 4.1 1 ~ .032 1125 .0051 4.04 .034 | 146,000 238,000
8-E $.7%1 %1} - .040 112 .00112 {0.70 .034 {115,000 238,000
9-C 6.5011 § - .048 | 118 .00228 {1.25 .034 {101,000 205,000
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“nm
fiexural rigidity of plate al- 3,8
lowing for shift of neutral
axis caused by damping layer: m
also symbol representing area a

covered by damping material
flexural rigidity of damping

laye: allowing for shift of 5 (x}
neutral axis g
ED/E - moduius ratio
Young's modulus of structure )
material v
Young's modulus of free layer

terial 3
aon- limensional parameter
resonant frequency of damped fom
plate I ¥
nmth resonant. frequency of un- [
damped plate -
spectral density oD
thickness of plate x
thickness of free layer "xz
=1 trm
step function (I = 1,x,sxsx,; ol
I = 7 otherwise)
integral - see Equation (19) %.(y)
length of structure
breadth of structur: Xren
moments -
integers ay
number of spans Wy
inteyers “rm

pressure loading

symbol representing area of
plate

transverse displacemenc of
plate

orthogonal cooxdinates in
surface of plate

120

Aon-AlmenRichal perameces”
non-dinensional paramete:s
non-disensional parameter

x/L

y/t

Dirac Delta Function of argusent x

loss factor of structure in a
specific mode

loss factor of free layer auterial

Poisson's ratio, assumed same for
plate and free layer materxial

(ohw?L*/Dy) o frequency param-
eter

mth eigenvalue ~ (chuZ L"/Dg) a
(ohu2L4/Dg) /*

density of plate material
density cf freec layer material

stress amplitudes at surface of
structare

mean square stress
nmth norsal mode of undamped plate

x) mode shape variation in x-direc-

tion for separable mode

mode shape variation in y-direc-
tion for separable mode

non-dimensional parameter - equa-
tion (32)

frequency
fundamental frequeacy of urndamped
bean

resonpant frequency
mmth natural frequency
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“VIBRATION CGNTROL 3Y A MULTIPLE-LAYLRED
DAMPING TREATMENT"

A. D. Nashif+

and
T. Nicholas**

The maltiple constrained layer damping treatment is represented
conceptually in terms of an equivalent free layer damping treat-
ment. The 2naiysis for this representation is accomplished by
considering the treatmert to be an anisotropic beam with differ-
ent stiffnesses and damping in shear and extension. Optimization
for this treatment is shown to be a function of wavn length, tem-

perature and geometry for a given damping material. Experimental
Ir:sults are presented to verify the analysis.

INTRODUCTION

Reduction of excessive vibrational
amplitudes in structures is frequently
obtained through the application of
single orr multiple-layered damping
treatments. Recent applications of
multiple constrained damping fayers in
aeruspace structures [1] have indicated
that such treacwents can be very effec-
tive in controlling vibrations. The
optimization and practical development
of such a treatment has been hampered,
however, by a lack of adequate analysis
techriques and by a scaorcity of good
experimental data and has been confined
for the most to specialized cases and
geometries. It would be desirable to
be able to represant such a treatment
ip texus of an equivalent free layer
hmogeneous treatment [2,3). However,
“mach a reprecentation could result in
an oversimplification because of the
complex behavior of such z material
configuration. In the present investi-~
gation, the amltiple-layered damping
treatment iz treated as an equivalent
homogeneous but anigotropic material.
The properties of the equivalent treat-
ment are derived maintaining compati-
bility of resultant forces in shear zn:
extension and approximating the dis-
placement field acroas sach layer by a
lineaxr distribution across the thick-
ness. The treatment is then considerwd
to be an anisotropic beam with differ-
ent stiffnesses and damping in shear

theory of higher order than Timoshenko
bean theory {4). 1In the present analy-
sis, a displacement field is considered
which allows for up to quadratic terms
in the thickness direction, which is an
extension of previous work where only
linear variations were considered ;ij.
The equations of motion of the result-
ing two layered beam are solved for
waves travelling in the direction of
the axis of the beam and the damping of
the composite beam is determined as a
function of wave lenath or frequency.
The analysis is used to predict the re-
sults of damping measurements from num-
erous experiments on cantilever beams
vibrated in their first, second, and
third modes. Analytical predictions
are made for a wide variety of combina-
tions of moduli, thicknesses, and damp-
ing properties. From the analytical
and experimental results it is shown
that (a) the multiple constrained layer
damping treatment can indeed be thought
of in termms of an equivalent free layer
damping trzatment and (b} that the
damping properties of such an equiva-
lent homogeneous treatment, which de-
pezd on wave length, temperature, geom-
efry, etc. can be optimized.

ANALYSIS

The damping treatment consists of
a number of alternate elastic and vis-
coelastic layers sandwiched to the base
beam. If the number of layers ia laxge,

and extension and is analyzed using a
*Oniversity of Dayton Research Institute, Dayton, Ohio

®%Air Porce Materials Laboratory, WPAFB, Ohio
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it may be trcated as an equivalent
horogjen :¢as but anisoiropic material.
Consxdes a typrcal clement condisting
of a segment of one viscoelastic layer
and two halves of the adjacent elastic
layers as depicted by the dashed lines
an Figure 1.
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Figure 1. Geometry of layered
treat .ent and equivalen:
homogeneous material

If each layer is assumed to be very
thin in comparison with the ove:rall
thickness it may then be czenmed that
the displacement field across each
layer is linear az shown. The rotation
of an originally plane section of the
viscoelastic layer is denoted by 3 0
vhile that of the elastic layers il de-
noted by ¥,,. The thickaesses of the
viscoelastlé and elastic layers are
denoted by h ° and hl. respectively
while the ér&nsverse #hear forces are
denoted by Q,, and V... The centerline
axial displaégments 3t two consecutive
elastic layers are denoted by u, and u;.
The transverse shear furces are given
by

L
Qo = G300 (V10 - 3% {1a)
h
11
Y1 = &, %o 1b}

where w is the transverse displacement
component and G 0 the shear modulus of
the viscoelastié layer. Eguation (1b)
is based on the assumption that the
shear stresses are uniform across the
thickness of each layer. Assuming that
shear deformation may be neglected in
the elastic layers, then 3 1.5 sw/ox,
aud the expressions for thé total
shear force in the typical element and
the displacements are

= . - 3w
Qot = G10l+10 ~ 7 10*P12) (2a)

3. = v
u, - u; = h (2b)

1“8 %t Y10 Pae

If the typical element is thought of as
an equivalent homogeneous material as

T D o T TR T iy =

e i o

sh7wn on the right in Figure I wiin #o-
tation ¢,, and identical displacement
comnonants u. and u., as in the layered
media, the sfierr fofce is

Iw -

and the continuity of displacements re-
quires

v, -u; = (h10 + hll) + 4)

Here, G, is an equivalent shear
modulus. Eq&ating the real and imagi-
nary parts of the total shear force in
the layered -« lia and the equivalent
nowmogenecus -acerial results in

G, = 610(1 + y) t5a)
n =1 1 (5b)
‘G 107 +v)
where
¥ = hll (SC)
By

and where o is the loss factor c¢f the
viacoelasti& layer in shear. The com—
plex shear modulus of the equivalent
matericl is given as

6y =Gy {1+ ing) :

In a similar manner, the axial
force in the layered wedia is equated
to the axial force in the equivalent
material, leading to exprcssions Zor an
equivaient extensional stiffness in the
form

e = Eufn * Eiohio (72
1 h., + h,
11 ¥ Do
E..h
1019
ne 9 = {7b}
£ 10 Epyhy; * Bighyo

where the complex Zoang's modulus of
the equivalent material is

*
E, = E; 9+ inE) 8)

and E 1 and El represent the Yound's
modull of the glastic and viscozlastic
layers respectively ani n 0 is the loss
factor of the viscoelastié laver,
assumed to be the same in exteasion as
in shear. Equations (5) to (8) ccasti-
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wute expressicons for an equivalent homo-
geneous material which will have the
saime overall displacement field and
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eleme.t of the layered media. i

Consider the layered damping treat-
ment now as a homogeneocus, anisotropi~
“eam havips the properties giver by
Equations (5) to (8) sandwiched to an
elastic beam as shown in Figure 2 with
: and ¢« the interface shear and normal
forces, u, and u, the centerline axial
displacem%nt comgonents, h, and ho the
thicknesses of the two bea&s and w the
transversze displacement component. The
bending moments, shear, and axial
forces or the two beams are as shown in
Figur= 2.

bl e
— i te
e

z ; E‘Uo ‘i";:o“o

Vo

Figure 2. Nomenclature for
sandwich beam

Conservation of linea:r and angular mo~
mentum of the ti'> beams and analyzing
the lower or base beam in accordance
vith simple beam, or Bernoulli-Euler
beam, theory leads to the equations of
motion:

-= - 1 = 0 {33)

O+t o= (1] {9b)
- w

—= 4+ = .:1111 ? {9¢c)

—_— = (10a)

+ v U 3 (1Cb)
..T—
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3V, .

orvand + s = ;nhn -——’ (10(:)

= ofe 2

where

ug

No = tho = (11a)
.2

My = EgI, ) (11b)
73X

Here, only the transverse inertia
of the two beams is ccnsidered, the
rotatory and exteasional inertia being
neglected, and : represents the mass
density and I the mcment of inertia
about the beam's centerline. A pre-
liminary analysis was carried out con-
sidering the tup bean (the damping
treatment) as an anisotropic Timoshenko
beam, i.e., a beam where plane sections
rerain plane but shear deformation is
allwed. The analysis did not agree
too well with the experimental results
and it was therefore decided to include
non-linear deformation terms for the
damping treatment in order to reduce
the constraints on the system. The
axial displacement field of the top
beam was thus taken to include terms up
to quadratic oxrder in the form

U o= uy vz .22 (12)

The resultant axial force, bending
moment, and transverse shear force are
then

)
3

k3 3
1
hl—x—*sx

N, = fc dz = E}h; < I 55 @3a)
? _ 3y
My = [ dz=EI 2 £13b)
aw
0, = [ 1,92 = G& e+ I7) (13¢)

Continuity of displacements at the
interface of the two beams is assured
by taking

)
h h,” h
1l ) 0 iw
mrrsrtEstuty o 04

where the lower or base beam is treated
according to elementary beam theory
where plane sections remain plane and
perpendicular to the deformed center-
lire. The number of unknowns now ex-
ceeds the number of ecquations by one.
An additicnal condition is obtained by
prescribing the interface shear stress
in terms of the displaciment components
from the stress-strain and strain-dis-
placement equaticns of elasticity in
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It 15 to be noted that the shear stress
135 not nucessartly rere et the top face
0¢ *he upper beam.  This is A condition
s1. . lar to that obtained in Timoshenko
beam theory where shear gtresses are
ascumed uniform across the thickness.
The actual nonuniformity can be partial-
ly taken 1nte awceunt through the intro-
Jduction of a shear cerrection factor ia
eguation {13c); however, no attempt to
do so was made in the present analysis.
Successive elimination of variables

from equations (3} through (15) results
in a set of three simultaneous partial
differential ».oetions in the three dis-
placement con: n.nts w, +, and § in the
form

2
. hy
-Elll, oo (5+w )-Gl S5 ¢ = 0 (l6a)
h h.h
- 1v ._9. w A -——_..1 0 . o
EglgW [+G) (h 455) (4 4uw™)4G) -3 &
(‘Alhl*coho)" = 0 (16b)
Eoho hoh,?
14! A — A%
"Gl(l + Eii]'.)(.*d +311.) + Eo r3 4T+
2
hohy by

E —— W™= 0 (1l6c)

0oz ¥ ~Eg3

where primes and dots denote differen-
tiation with respect to x and t respec-
tively. Equations (16) are suived for
waves travelling in an infinite beam in
the x direction of the form

w = W expli(tx-ut)] {(17a)
¢ = ¥ oxplil(six-wt)] {17b)
rs & expli(ex-ot)] (17¢)

where » is the circular fregquency and
¢ the wave number related to the wave
length 3 through

f = %1 (18)

The following non-dimensional quantities
are introduced:

1
h* = =
hy

E
B o= gl
o

24

G
~ 1
* = ———
G E,
h, +h
X = 1 0 _ b
3 by
-r o= = (19)
e |
vhere is an arbitrarily chosen ref-

erence h’equency which is that of the
first thickness shcar mode of a beam
having the geometrical average proper-
ties cf the two-layered beam and is
given by

2 ¥ Eg (14E%h*)
N = ’(20)
17 Bg(IeR®)Z ¥(5,B ;%5 ghg)

Non-zero solutions to equations (16)
and (17) give rise to the frequency
equation

2 C,+C 02*2 a‘
o2 - B 172 7% (21
T+E*h¥ 2,2 4
C3+c‘(l +§ a

where the following abbreviations have
been introduced

2n;2

g8 = 1+he

wh'z

Q'-‘m" ) .-

c = G*2 (1+4z*p+6E*he 2agene S 1Ee 20t

2 3

Cy = (G*/3) (S+AE*h*+E*h* “+2E*h?*”)

cy = G+ (1+Bene)

Cq = (G*/3) (5+E%h%) (22)

¥hen damping terms are included in the
frequency equation through the intro-
duction of the complex moduli G,* and
E,* as given by equations (6) aha {8),
tﬂe resulting frequency is complex

s+ v (1+i3) (23)

where & is the logarithmic decrement for
free damped oscillations. The loss fac-
tor n; of the composite beam is related
to § “through
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n = % (24)

Solutions to the complex fregquency
equation {21) are obtained numerically
by setting the real and imaginary por-
tions equal to zero individually.

EXPERIMENTAL INVESTIGATION

This investigatici was carried orc
on the standard complex modulus app- -
ratus and its associated electronic
equipkent which iv described in Ref.[6].
Two different geonetries of the multi-
ple-layered damping treatment were used
to investigate the damping of canti-
lever beams as a function o{ tempera-
ture over a wide range of wave lengths.
Each configuration consisted of 7 alter-
nate layers, each of a constrained
viscoelastic band and a constraining
metal band sandwiched on to the base
beam. The viscoelastic wmaterial desig-
nated as 3¥-466 is a damping adhesive
manufactured by the 3M-Company, St.
Paul, Minnesota. The properties of
this material as a fuaction of tempera-
;nre and frequency are shown in Figure

3
3

REAL PART OF YOUNG'S MODULUS &, 00!
8 g
w""w
v ]
-
L
LOSS FACTOR n;o

g
g

J

0 %0 W WO 200 230 300
TENPERATURE °F

Figure 3. Da-ping properties of
M-466 (Manvfacturer's
data)

The first configuration utilized
an adhesiva thickness h,, = 0.0023 in.
and an aluu.ima eon:tnming band
thickness h = (.0052 in. which gave
uy~2zs. 'or the second configura-
tion hl was 0.0046 in. and hn vas
0.00231n. and the resuiting yiwas 0.5.

Eack cunfiguration was asseabled on an
aluminum cantilever beam whi'h had a
length of 8 irn., a width of 0.45 in.
and a thicknesr of 0.062 in.

Each beam was placed inside an
environmental chamber and excited at
the free end by means of a magnetic
transdvcer. The response was obtained
by mears ¢f another transducer -~ear the
root. Th2 damping and the traquency
for each observed mode was then meas-
ured by the half-power bandwidth method.
Data wevre obtained for the first,
second, and third mode of the cantilev-
er beam in most cases. Tests were
carried out between 0°F and 20J°F. The
experinental results for the dumping of
the composite beam are plotted in Fig-
ures 4 through 9 as a function ot
temperature for the several mode nur~
bers.

DISCUSSION

Effects of temperature on the per-
formance of the constrained layer damp-
ing treatment are shown in Figures 4
through 6 for y = 2.25 and h* = 0.85
and in Figures 7 through 9 for y = 0.5
and h* = 0.75. The theoretical predic-
tions in these figures were computed at
temperatures corresponding to those of
the experiment. This was accomplished
by observing the frequency for which
each mode occurred and then using the
appropriate damping properties from
FPiqure 3 for each temperature.
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Figure 4. Effect of temperature

on the system damping
for y=2.25 and h*=0.85
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Figure 5. Effert of temperature
on th. system damping
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Figure 6. EfZect of tamperature
on the system damping
for y=2:.25 and h*:-0.85
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on the system damping
for y = 0.5 and h*=0.75
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on the syetem damping
for y = 0.5 and h*=0.75

Good agreement betwseen theory and
experiment was found in most cases.

The measured valuves for y = 2.25 were

somewhat higher than the predicted val-
ues, especially for higher mndes. A
possible explanation for this difrexr-
ence is the fact that the properties
shown in Pigure 3 do not accurstely de-
scribe the particuler batch of material
used for the experimentisl investigation.
This may have bee:: dug to an ageing ef-
fect in the mateyial or prolonged ex-~
posure to a humia enviromment. SThere-
fore, a new batch of the same material
was used for the casc of y = 0.5. In
this second case, tha agreement im-
proved considsrably which _tends to indi-
cate that the properties of Figure 3
are mors representative of the second
batch than the first. In both caser,
the best agrcement was for the first
node with decreasing correlation for
the second and third modes. It shouls
b2 noted that. conditions for
cantilever beant are difficult to con-
trol for higher modes of vibration anmd
hence variations betwsen theory and ox-
periment are possible. Also, at higher
wmodes, the wvave lengths are mach small-
ex, hence the assumptions of naegiigible
rotatory inertia and the use of beam
theory as opposed to plate theory be-
come less accurate.

A mmerical analysis was carried
out to determine the effects of the
various material and geometric parame-
ters on the damping of the composite
beam. Bguations (21)-(24) were pro-

qgrammed on a4 computer and solved for
variocug combinations of parameters
which might be used in actual damping
ireatmenis. 1iIn ail caloulaticans, the
b.se beam on vhich the layers are
placed is ccnsidered to be aluminum
with E, = 107psi and n,, is taken equal
to unity. The numaricn results for
n/ns s Were found toc be relatively inde-
pen&gnt of the actual value of n,,.

The various results are lumarizlg in
Figures 10 through 13. Figure 10 shows
the typical variation of damping with
wave number for two values of G and
three thickness ratios h*, 1In gll
cases, the maximum or peak damping was
independent of the shear modulus G,, of
the damping layer, the only ditferigce
being the wave number at which it oc-~
wreyed.  Increasing the thickness ratio
hao the obvious effect of increasing
the damping. In general, the pea2k
demping depended upon the thickness of
the damping treatment in a nearly lin-
var way for thickress ratios ht less
than unity. Doubling the thickness of
the treatment is thus equivalent to
doubling the damping, but alsoc results
in double the weigh: added to the base
bean. The wave number or wave length
at which the peak damping occurs depends
on the shear modulus Gyo.28 is shown in
Figure 1l: If the wave " length of an un-
desirable vibration is known, the appro-
priate value of Gyo can be found which
will give maxiwm al-ping for that vave
length. - Pigure 12 presents damping
cuxves as a function of wave length for
varicus values of y, the ratio of the
thickness of the elastic layer to the
viscoelastic layer. For the Values of
the Other parameters shown it can de

_ séen that the maxirum damping available
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is spproxicately the same for values of
vy of .25, .5, and 1. The peak damping
was then plotted as a function of y for
two valuss of h* and two values of ot
ag .shova in Pigure 13. *: can be

seen that an*optimum value of y can be
found in each case although the is
not very shaxp. 7Twe curves in Pigure
13 represent aluminum constraining lay-
ers on_an aluainum beam for which

E = 107psi. The other two for B,
5%107 nol represent a ficticious fater-
ial but show the trend for a very high
moduius material such as boron. The
curves show a definite increase in
damping, especially for the thinrer
damping tregtment whers h* = 35,
Thess curves are drawa for G,, = 100pei-
but are idantical for all vdﬂu of G0
between 10 and 105 pei, the range
investigated here.
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CONCLUSIONS

The analysis presented herein al-
iows for a displacement field in the
equivalent homogeneous damping layer
which inciudes terms up to parabolic
order, and gave gool agreement wikth ex-
perimental results. The damping pre-
dictions of this theory were approxi-
mately twenty percent higher taan those
using anisotrcpic Timoshenko beam
theory where displacements vary linear-
ly across the thickness. The thecry
could be improved by considering higher
ordex torms in the displacement field,
at the expvense of increasel mathemati-
cal complexity. The rxelatively good
agreanent between theory and experimant
seems to indicate the adequacy of the
existing theory.

The results of this investigation
illustrate a number of features about
multiple-layer damping treatments and
their application:

1. The damping for a given szet of
material and geometric param-
eters is strongly dependent on
wave length. Tha composite
basam (or structure in geansral)
cannot be thought of in terms
of a single eguivalent "EI" or
flexural rigidity because of
this variation.

2. Changing the modulus of the
damping layers changes the
vave length at which peak
da-ping aay oe obtained but

not chunge the magnitude
of the damping.

3. An optimum value of y, the
thickness ratio of the elastic
to the viscoelastic layers,
may be found for specific ma-
terials. In the presant in-
vestigation, values close to
one~half provided the most sf-
ficient domping.

4. Calculations indicate that
higher stiffnesses of the con-
straining layers serve to in-
creaze the damping of the en-
tire systmm. It would appear
then that further improvements
are possible in multiple-layer
dmmping treatnents through the
introduction of higher modulus
materials as constraining
layers (7}.

5. Optimum damping for the treat-
ment occurs when the loss fac-
tor of -the damping material
takes on its maximua value.

e B R T e

It is interesting to note that
this condition is satisfied

351.:. in the transitinn rnn{rm

of the damping “material and
hence a simple criterion for
optimizing the multiple-layer
treatment can be stated as
follows: in order to achieve
maximum damping by the multi-
ple-layer creatment for a
specific application, it is
necessary to use a viscoelas-
tic damping material whose
transition region coincides
with the temperature region
over which the treatment is
utilized. This wag found to
hold for a number of casez
discussed in Reference [8].
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SYMBOLS

E
G
h
I
M
N
Q
t

€ < &

®

Young's modulus

Shear modulus
Thickness

Moment of inertia
Bending moment

Axial force

Transverse shear force
Tiwe

Axial displacement
Transvexse shear force:
Transverse displacesent

= % also Cartesian coocsdinate along
beam axis

Thickness ratio (equation 5c)
Logarithmic decrement

Loss factor
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by Wave length

v Rotation of cross section

3 Displacement component

p Mass density

c Normal stress

T Shear stress

w Circular frequency

a Referenco frequency

(4 Wave number

* Superscript denoting dimension-
less quantity

0 Subacript denoting base beam

1 Subscript denoting multiple-

layer treatment

10 Subgcript demoting viscoelastic
layer

11 Subscript denoting elastic layer

{No subscript denoting the compoaite
systex)
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DISCUSSION

Mr. Rioperger (University of Texas): 1 would
1tke to ask two queations, I assume that in these
models the shear transfer to the elastic layers is
entirvely through the viscoelastic layers, I that is
the case I am puzzled as to what the physical expla-
ration is of the effectiveness of th:s. «lastic layers
in increasing the damping. Can you :xplain this?

Mr, Nicholas (AFML): Everyone else working
{n the field seems (o have a very good paysical un-
derstanding for this. I can only repeat what they all
say. Basiciily the stiff elasti~ laver induces shear
deformati-n: into the viscoelastic layers which are
sandwiched hetween ther, It acts us a constraining
iayer, but physically it is a very difficult thing to see,
Mathematically it introduces all of the shear defor-
mation into the viscoslastic layer, the soft layer, and
the shear stresses throughout the entire treatment
are about equal. Because of the low modulus there
is a Jot of shear deformation in the viscoelastic
layer and haruly any in the elastic layers,

Mr, Henderson (AFML): I wonder if I could
interject one comsent here, The result of increas-
ing the modulus of the constraining layer is consistent
with several other previous investigations, One
physical explanation that has been offercd by such
people as Lzzan and Plunkett at the University of
Minnesota is that the stretching of the constraining
1ayer decreases the total volume of viscoelastic
material that experiences higl shear strain, Most

of our constrained laycer damping treatments could
be improved by increasiig Wils alifiness of the con-
straiving layer because it actually shears more
viscoelastic material before the stretching catches
up and wipes ont the shear strain, I do rot know if
that makes an) sense or not but there are some
sketches of displacment ficlds in both Lazan's and
Plunkett's previcus papers and I think you might be
alle to look at thcee and get a little better physical
understanding.

Mr, Prouse (Battelle Merorial Insti‘ute): I
was interested in the experimenial approach you
used to obtain the damping in th: third mode, Are
coupling effects from other mode: eliminated? Did
you really obtain a puie third mode ?

Mr, Nashif: 1 do not think you have to worry
about coupling if your modes are faily well separated
and the damping is fairly low in the composite system,
and that was the case. The total damping was on the
order of 0,1 and 0, 2, and the modes were fairly
well separated for the cantilever beam,

Mr, Prouse: 1guess as these damping
approaches get better and better the experimental
part will get harder and harder,

Mr, Nashif: That is right., As you go higher
with mode number the agreement between the theory
and experiment gets worse,
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DETERMINATION OF DAMPING PROPERTIES OF

SOFT VISCOELASTIC MATERIALS

Fakhruddin Abduthadi
IBM General Systems Division
Rochester, Minneso a

frequency and composite loss factor.

The frequency anc composite loss factor equations for a2 beam with a constrained damping
dyer are uncoupled o yield equations for the loss factor and the shear storage modulus of
the constrained viscoelastic layer. Each of the loss 1actor and storage modulus equations
Sty pressed in terms of the resonant frequency, the composite loss factor, the mode number.
and the geometry of the cross-section of the beam. Error analysis is performed using these
two new equations to determine the magnification of the relative errors in the calculated
material loss factor and the storage modulus due to errors in the measured resonant

INTRODUCTION

Analysis of laminated plates 2;.d beams, including a visco-
elasti« layer, has been performed by scveral investigators
£1.2,3,4,5.6). This analysis provided equations to deter-
mine the relationship between the composite loss factor and
the resonint frequency of the composite laminate.
References 16,7,8] describe methods to determine the
resonant fiequencies and corresponding coposite loss fac-
tors for beams and plates of known dimensions. material

The properties of the viscoelastic damping layer are frequency-
and temperature-dependent for small strains. Thus, it is
necessary 1o know each of the curves of G (shear storage
modulus) and § (material oss factor) versus frequency at
cach temperature, in order tc employ the existing theory
to peovide data usable by the designer of such laminates.

The dai:ping layer used in the anconstrained layer configura-
tion, showr: in Fig. 1, is usually stiff. The storage modulus
E and the marerial loss factor 8 of such stiff damping
materials can be successtully obtained {9,10] from a
vibration test of a bear of the configuration shown in
Fig. 2. Error analysis performed by Nashif {9] for such
beams shows that this configuration produces unreliable
results when the damping layer is relatively soft.

Fig. 1- Nomcomstrained dempmng layer composite
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:G' = G{1+i3)
\ . |

Fig. 2 - Constreined damping layer composite

Reiatively soft viscoelastic materials are used in the constrained
layer configuration. Properties of such materials have besn
deternuned by Nicholas and Heller {11] by using a beam with
a thick con: sandwiched between two thin membrane type
facings. The use of such beams is limited to Jow frequencies
(usually Hz < 300). The cxact identificztion of the ruyonant
frequencies becomes difficult due to increased damping #
tuned damper resonant technicue has been successfully uaxed ty
Canon, Nashif and Jones {12]. The present investigation
considers the use of a constrained damnping layer beam for the
evaluation of the complex modulus for soft viscoetastic
materials. Such a sample with identical elastic Jayers has been
used by Roscoe, Thomas, and Blasingame [13]. However, tke
required compu?ations ate lengthy and the expressions relating
the measured quantities to the computed properties do not
readily yield themselves 10 error analysis. This investigation
presents two rew equations relating the shear storage modulus
znd the matcrial loss factor to the measured resonant frequency
and the corresponding composite loss factor for the beam
tested.

ANAL VSIS

The complex frequency of the constrained damping layer
lasainate is written as {6,2):
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P = oyt Ty +esTs.
The sabscripts indicate the layer mmbet as shown in Fig. 2.
Constants E, E 3 are elastic moduli: Ty and T3 are
thicknesses; &2 is the real part of thecompﬁx frequcncv
and 5 is the composite less factor. The mode parametera
is defined for each mode for the given length and the
boundary conditions of the beam. The mas density per
unit length of the composite beam is p and the densities
of the three layers ate 0y, p3, and 3.

Egs. (2) and (3), which are two polynomialsin 8 and G, are
written as follows:

a2-1-vp2+a2-162-Ye =0 )
A1 +YRI+Y(1-0B+ne(Y+9) = 0 5)

D
TRy
-G
Eq. (4) is multiplied by n and added to Eq. (5) to yicld

2824 Y1 - a8+ ma2e2 =0, 6

Solving for “2 in Fq. t4), substituting the result only in the
first term of Eq. (6), and solving for the remaining 8 gives
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8 =

Eq. (7) is now used in Eq. (4) to eliminate 8 and yield

Yol.1-vy @)

6 = 3
p 2%+ DRc-1-Y)

The quantity ¢ can be eliminated from Eq. (7) by using Eq. (8)
to give the material loss factor equations as

.
ﬂ = ﬂ"y . (9)
A2H2-1.7)-95%

Using the definition of the quantity # ir terms of shear storage
modudus gives

4
G =TzK¢a[“ adal- 198
aZ-1- Y)‘vq‘x‘ l

Thus, Eqs. (9) and (10) can casily be used to compute § and G.
The constants Y, Ty, and K are known for the beam tested.
The mode parameter a assumes different values for different
modes. If the beam is tested as a cantilever beam, the values
of a for the first four modes are

- §1835\2 - j4.59432
« (T‘) »ox2 ( L)
- {1.855\2 10.996) 2
i o MR b I

where & is the vibrating length of the beans. The symbol A is
directly related to the scasured resonant frequency. Thus, if
R, is designated as the uncoupled frequency defined by

o 2 = _!2_0.—
® aTitesT;
then A2 becomes

A = T ,]

A = (el an
fo
where
[ 2315}
2 = %ane, = 2fce = ]
e T e T T v asTs

rheftequencyﬂmliz}ammted\onbemmode,m

(in H2) is calculated for the same n.ode. Thé only
dg'mu:ally measured quantities on th « right side of Eqs. (9)
and (10) are 5 and f. The rest of the q: izntities are known
for the beam tested at the given mode.

A slightly more :xact expression for A can be obtained by

considering the effect of damping on the resonant frequency. .
Using Eq. (i) for small values of y, the actually measured h
damped frequency f,; is related to the undamped frequency f

through {13}

AP
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f =__'.d._ a2

Using Eq. (12) in Sq. (11) gives a slightly more accurate
expression for &>

A = Q*_f)l/f_fi an
I+-§nz fo ‘

qu (9) and (4) ca yicld cxpressiors fo7 7 and G+/THK e
in terms of § and A~ as

n =.—Y—1+ ( Y’). (13)

m: o

5 2
,olapysiad] Y
2 i
-1

; ¢ 2 1/2'
=G_ . ). 5 4520 -
ke 12-1+ |-+ 8% l)l as
6 =—X

al-n

ERROR ANALYSIS

The effect of smal® relative errors in the measured A and 9
on the relative ersors of the computed quantities G and §
are evaluated by wsing Egs. (9) and (10). Analysis was
performed bv using the expizision for A given by Eq. (11),
and for A givei, by Eq. (13). The >«xpressions obtained for
the magnificavion factor, using the latter A, are tar more
cemplicated than those obtained by the use of the former
. Numerical results have shown little difference between
these two sets. Therefore, the simple equatioas obtained
by using A of Eq. (11) are given. Thus,

AR - af
S =M, (16
A .
.é:_ .;j'u.‘ an
G _af
LG Al 18
G f e
aG ¢
£L =L1m, a9
where
M = 120 +Y)- 21 +920%) 0
L
_102-pe2-1-v1-0H4 a
M) = h
My = W22 +Y)-4) @0
@)

M, - [2922%Y(Y + 1-32)) (23)
1)

L =a2-npal-1-vens?

@  =0l1.vieghd

The quantitics M, My, M3, and M, are the magnificstion

_ factors. The factors M, and M have been evaluated for

vanous values o, A, and Y. lt was round that Mz was close
to one and M4 was less thar one. Thus, the relative error :n
the calculated 8 is the sam - as that of the measured n. 1he
computed value of My in sicates that ecrors in the measured

n produce very small errors in the computed G.

The magnification factors My and M vary greatly in masni-
tude, dependingon, Y, anJ to a l=sser degree on n. Sinceit
is more convenient to present the results in terms of 8, X, and
Y, the values of 5 in Egs. (20) 2nd (22) are computed for the
given 8 from Eq. (14).

The parameter A 2 can be considered as a measure for the
degree of coupling between the elastic layers. In the absence
of damping, Eq. (2) reduces to

A2 = pe—Y 24)

This equation shows that, without couflmg, G=0andr=1.
When coupling is perfect, G == and A“= 1 4+ Y, Thy actual
values of A< for ¢ finite G will be in the ange 1 <A“< 1 +Y.
Since a increases for the higher modes, A decreases as the
freque ncTeases. Ibe cumposite loss factor n becemes
zcroan = joratAc=1+Y. Thisis evident from Eq. (14).

ug, Eqs. (20), 2and {23) indicate that M, and M3 are infinite
at)\* land A<= 1+ for any valueo}

Fig. 3 shows that the minimum va'ues of M3 increase as Y
decreases. increasing values of § for the given ¥ change the
right potlion of the curve resulting in lower values of M3, a5
shown in Fig. 4.

The magnification factor M become. _~70 at one point for
each Y, regardless of the value of 5. Fiz S shows the effect
of‘(onthev:lnesofM forg = 0.1. ircreased vaiues of
ﬁdufttlunghtporbonofuchcutveshdnlytomv.eﬂ.

The geometric parameter Y can be expressed as a function
of thickness ratios when the material of the elastic layers is
the same, i.c., El = E3. Thus,

2
Y = 3n{l +n+2mn) , 25)
(2 +a)l+1n”)
where
m =1; ,,:E}.
T3 Us

For a given total thickness of the eixstic layers, the value of
Y is the largest when the elastic lavers are equal in thickness,
as shown in Fig. 6.
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UONCLUSIONS
The equations dernved tor 2 and G,oan tetis of the measured
quantitics, proviae s sampic means vi wabeutation The
magnification factors M~ and M are small. However, the
magnification factors .\II and M3 van preatly , depending
on the geottietry o8 the cross seetion and the degree of
couphing ot the layers  Several speainien of various core
thichnesses and facing matenials may be necessan to obtain
the vaiues tor 3 and G for a wide trequency range at the
given temperature

ACKNOWLE DGEMENTS

e author s indebted 1o 8)r Lee P Sapetia, of the
Univensity of Mennesota, for ks helptful dscussions, to

Mr Alin D Ackermuan. 1BM General Sy stems Divion,
Rochester, Minnesota. for his encouragement, and to

Mi David Rowe and Miss Karen Hudson, of 1BM Rochester,
tor tuoir assistancs in prepanng the manuscnpt

NOMENCLATURE

D = the sum of the tlexural stiffnesses of
layers one and three

BB, = elastic moduli of layers one and three,
tespectively

f = natural frenuency (H2) of the composite
for small composite Joss factor

L = measured natural frequency (Hz) of the
composite beam

G = storage shear niodulus of the visco-

efastic damping layer

a VT

K, = equivalent extensioaal stiffness

L = beam iength

M,. M:. Ms. M4 = magnaification foctors

T).T2 T, = thicknesses of layers one, two, and three,
respectively

Y = geomelric parameter

e = mode parameter

B = waterial I s factor

n = composite o s factor

® = density of composite per unit jength

P1-P1P3 = densities of layer. onc, two. and three,
respectively

$ = dntance betweer the centroidal plavies
o loyers one and three

A = {requency ratio

€ = density per unit length ratio

o = geal part of complex frequency

w* = gomplex frequency
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DISCUSSION

My, Foy {Bavew Conteslsl: In your analysis,
was It assumed that there was no damping in the
elastic layer?

Mr. Abdulhadi: Yes, we assumed that the damp
ing in the elastic layers was very simall compared to
that of the viscoelastic layers,

Mr, Fox: Would it be easy to modify that to in-
clude damping if one knew the loss factor and the
shear modulus of the elastic layer itself?

Mr. Abdulbadi: If you introduce the loss factor
of the elastic layers into the original frequensy
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eguation you will end up with twe new polynomials
which have to be recoupled aggain, The equations
that I have chown resulted from assuming that the
damping is in the middle laver, If the damping of
the elastic layers is Included we have to inspect the
equations that result from such an assumption and
see {f we can couple them,

Mr, Henderson: I would like to interject one
comment and that is that the case of the two visco~
elastic layers or dam_.ing in two outside layers, was
covered by Nicholas and Nashif in the 39th Shock and
Vibration Symposium, It is a different treatment of
the problem, but the preblem was discussed,
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1 IMPROVING RELIABILITY AND ELIMINATING MAINTENANCE
3 WITH FLASTOMERIC DAMPERS FOR ROTOR SYSTEMS

J. L. Potter
Lord Manufacturing Company
Erie, Pennsylvania

Elastomeric dampers are a new generation of dampers
designed to prevert helicopter and/or VTOL rotor system
instability. The damper employs a highly damped visco-
elastic polymer, vulcanized and bonded to metallic mem-
bers which in turn are connected to the rotor system.
Deformation of the viscoelastic material produces a
total resisting force composed of a damping and an
elastic component operating 90° out of phase due to
the hysteresis inherent in the polymer. The damper
service life (T.B.0.) can be in the range of 1500 to
2000 flight hours with no maintenance or lubrication
required. Elimination of maintenance and lubrication
are accomplished through use of the viscozlastic material,
design simplicity, and no sliding surfaces. Operation
i3 possible throughout a temperature range of -65° to
+200°F. Adverse environmental effects such as weathering,
0il, and sand and dust are virtually non-existent. Labora-
tory and flight testing have provided evidence that the
elastomeric damper can prevent rotor instability.

et

Rhas saioasue:

INTRODUCTION service in a fully articulated heli-
copter rotor system,

The term elastomeric damper des-~ -

cribes a new concept of devices to dissi-
pate energy thrcugh che use of visco-
elastic materials. The elastomeric
damper has some new characteristics
which may make it attractive fox use in
preventing instability of helicopter
and/ar VIOL rotor systems and perhaps
othex applications where auxiliary dawmp-
ing devices are required. Its most
impcctant assets are improved reliability
and eliminatior of costly “aintenance
usually associated with conventional
energy dissipative devices such as
friction or viscous dampers. As a re-
sult, use of the clastomeri¢ damper can
lead to reduced oper2ting cost and air-~
craft downtime.

RESUME OF A TYPICAL ELASTOMERIC DAMPER FIGURE I. TYPICAL VISCOELASTIC DAMPER
Pigure 1 and 11 are photographs

of a typical viscoelastic damper de-
signed, aanufactured, and tested for
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the damper shown weighs less than five
pounds and will fit within a two by
three by fifteen inch space envelope.
The construction is primarily of alumi-
nunt and a custom compounded silicone
type elastomer, while the hardware is
alloy or s*tainless steel. The elasto-
mex 1S vulcanized «nd bonded to the
aluminum members. The center and end
connections, containint teflon bushings
to eliminate lubricaticm, attach to cle-
vises of the rotur head arnd biade cuff.
No maintenance is required for this
damper throughout its overhaul period
except for occasional visual inspection
while installed in the rotor system.
Cost is comparable or less than conven-
tional viscous or friction type damperxs.

PIGURE TI. TYPICAL ELASTOKERIC
PROTOTYPE DAMPER.

WHY ROTOR SYSTEM DAMPERS?

Helicopters and/oxr VIOL rotor
systems most generally require a certain
awmount of damping n the rotor system
to pravent an instability phenomena
known as ground or air resonance from
occurring while the rotor is operating
on the ground or during flight. The
instability is called resonance due to
the fact that it occurs when a fuselage
natural frequency, involving horizontal
or in-plane rotor hub motion, is coin-
cident cr cloge to the difference bet-~
ween the rotor speed and the rotat
blade in-plane natural frequencies. (1)
Failure to adequately control this
pheromena can lead to total destructicn
of the aircraft.
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Rotoi systems which utilize in-

plane or drag hinges usually employ
some type of damping device to pre-
vent instability, while hingeless
rotors, especially those of low stiff-
ness (a rotor system with blade in-
plane natural frequencies below the
normal rotor operating speed) may re-
quire some auxiliary damping to pre-
vent rotor instability, particularly
during flight.

PROBLEMS WITH VISCOUS OR FRICTION
DAMPERS

The most common types of auxiliary
dampers in widespread use today for
helicopter or V'TOL rotor systems are
of the viscous (ex. hydraulic) or
friction variety. While thesz types
perform satisfactorily, they may
require frequent inspection and
maintenance due to their characteris-
tic mode of operation -- that is,
employment of sliiding surfaces which
tend to promote wear or leakage --
reliability can, therefore, be a
problem. Eavirommental effects
common to aircraft operation, such as
sand & dust, oil, humidity, fangus,
and weathering may further reduce the
time between overhauls (T.B.0.},
leading to costly aircraft downtime.

THE ELASTOMERIC DAMPER CONFIGURATION

As the name implies, the elastomeric
darpexr employs a highly damped (low
resilience) viscoelastic material,
vulzanized and bonded to metallic
components, which in turn are attached
to the rotor head and blade cuff as
shown schematically in Figure III.
Normal lead-lag (in-pluane) motion of
the blade causes an oscillatory
angular (one cycle per revolution)
wotion of the blade cuff akout the
drag hinge as shown for the fully
articulated system of Figure 1IX. By
getmetry, thiz angular motio:n is
transformed into oscillatory axial i
linear motion of the damper which in :
turn causes defornation (she: :ing)
of the viscoelastic material between
the outer and inner metallic attach-
ment plates as shown in view A-A of
Figure 11I. The daformation of the
elastomeric saterinl produces the
dynamic forces necessxry to prevent
air or ground resonance of the rotor
system.
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PIGURE III. INSTALLATION OF VISCO-
ELASTIC DAMPER IR ARTICULATED ROTOR
SYSTEM.

Pigare IV is a partially detailea
view of an eiastomeric damper to ex-
plain the construction. The damper
inner member is attached at one end to
the rotor blade cuff while the two
outer members are connected to the
xotor head. The viscoelastic material
is vulcanized and bonded between the
outer plates and the inner member.

The two bolts and spacers at each end
of the damper body provide for proper
alignment of the outer plates and im-
proved load distribution. In this
particular damper, elastomeric bearings
are provided at the attachment points.
The elastomeric bearings completely
eliminate any sliding surfaces by
accommodating all relative motion
between the inner sleeve and the damper
body through a shearing deformation of
the rubber. 1In the installation,
similar type elastameric bearings are
locked as shown. into the rxotor head
and blade cuff attachment clevises.
Tightening torgue on the bolts pro-
vides sufficient clamping force on the

three bearing inner sleeves to insure
that all relative motion tdue to sliaght
rotation) occurs in the elastomer and
not metal to metal, to prevent wear

or fretting. This eliminates all
lubrication and reduces maintenance.
The elastoneric bearings have soft

and extremely stiff spring rates in the
torsional and rzdial modes, respective-
ly. Other dawnpers have been manufactured
using self-lub Icating teflon type
bearings at the attachment points.

v ISCOELASTICITY (2)

Tne molacular structure of all
elastomeric (viscoelastic) materials
is such that internal frictioan
(hysteresis) is produced when the
material is deformed. Sinusocidal
deformation of a viscoelastic material
results in a3 resisting forece which, if
the force-deflection relation is
linear, is sinusoidal. The internal
friction produces a phase difference
between the force and the deflection.
The total force can be represented as
a vector composed of two components,
ore in phase with the deformaticn and
tne other 90° out of phase. The two
forces are referred to as the elastic
and damping components as shown in
Figure V.

v

A £

FIGURE V. VECTORIAL REPRESERTATION OF
ELASTIC AND DAMPING COMPONENTS FOR
ELASTOMERIC MATERIALS.

where:
F" = Damping force
F' = Elastic force

F* = Total resisting or complex
force.

The magnitude of F" and P’ depend
upon the amplitude of deflection, the
shape and size of the elastomeric
material and the complex dynamic
mciulus of the viscoelastic material.
1f G* represents the complex dynamic
modulus and its damping and elastic
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modulii by G" and ¢'; respectively, vhere
then:
G* = G' + ig" eq. (1) K*' = Dynamic elastic stiffness
) 5 of an elastomeric damper
I6* = fIG")“+ (G") eq. (2) or mounting.
Where K" = Damping stiffness of an
elastomeric damwper or
G' = F*' (/X eq. {3) mounting.
G" = F " {q)/X eq. {(4)
The preceding reviews th: operating

principle of the elastomeric (visco-~
The tctal resistimng

X = Amplitude of deflection-

q = Factor dependent on size
and shape

Since FORCE/DEFLECTION = STIFFNESS,
it can be shown using eguations (3)

and (4) that:
congequently higher. (than tnat of a
P'/X = G'/q = K' eq. (S) viscous or friction type device) in
order to obtain the same damping
F"/X = G"/gq = K" eq. (6) force (F").

elastic) damper.
inches force (F*) produced by the damper
elastomer deformation is composed of
the damping (F") and the dynamic
elastic (F') forces acting 90° out
Since the elastomeric
damper has an elastic and damping
stiffness, the total force produced
when the damper is deflected would be

of phase.

—
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FIGURE 1V.
ATTACHMENT POINTS.
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ELASTOMERIC BEARING
{4 PLACES)

CUTAWAY OF ELASTOMERIC DAMPER WITH ELASTOMERIC BEARINGS AT
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DAMPING CHARACTERISTICS

In order to {urther understand
the elastomeric damper it is convenient
from an engineering dynamics stand-
point to determine an eqgaivalent viscous
damping ratio (fe).

Pe = c/e, eq. (7)
wWhere

C = Viscous damping constant

C. = Critical damping constant
1t is known (3)that the ratio of the
elastic (K') to dumping (K") stiffness
can be utilized to determine the trans-

migsgibility of a vibratory system
operating at resonance.

'r'=’1 %___)12 .
+ 7K eg. (8)

T' = Transmissibility at
resonance.

wWhere

From the well known equation for trans-
missibility of a viscous damped vibra-
tory systen:

r=/1+(2t.‘/cc-f/f /

2
nL )
Kerep2-D? s 2 /e - £/6)% eq. (9)

Where:
T = Transmissibility of systexw
C/cc = damping ratio

f/f_ = ratio of excitation to
system natural freguency.

If £/f, = 1, the gystem is at resonance
and the corresponding tru ismissibility
{T') can be calculated:

T = /1 + {2 ¢c/C )f//
p3 [~
{ @crcy eq. (10

Since equations 8 and 10 are the trans-
missibilities for resonant systems, the
T's can be set eguai tuv each other

ard the equivalent damping ratic (§e)
for the elastomeric damper may be

found: 2
“@'711"')’

L+ c/cc)z}/
a «:/cc)2 eg. (11)
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Q = K'/K", then eq. (lla)

1+52 = (1 + (2 c/cc)z)//

4 (C/Cc)2 eq. (1l1lb)

finally, the equivalent viscous damping
ratio (equation 5) can be found:

<] 1 ,
ge = ——20 eq. (12)

The value of ?e for elastomeric dampers
lies in the range of .12 to .19, de-
perding on the design, and the strain-
frequency relationship imposed on the
elastomeric_section- It should be
noted that Yy € is true feor systems
operating at resanance only.

MOTION -~ FREQUENCY EFFECTS

The damper dynamic characteristics
of K', K* and e are affected by the
motion (strain) and operational fre-
quency that results from the rotor
speed and blade in-plane (lead-laq)
motions.

As a general rule, as the axial
motion (strain) imposed on the damper
increases, the elastic (K') and damping
{K") stiffnesses decrease. The equival~
ent damping ratio also decreases with
increasing mction, but at a slower
rate -- what this all means is that
the damping force availabie to pravent
rotor instability is decreasing as the
in-plane blade metion increases.

Design of the elastomeric portion of
the damper must be such that sufficient
damping is available during ground
start-up and shut-down, flight, and
autorotation. Variation of damper
dynamic cha:acteristics versus axial
motion (blade in-plane motion) for a
typical damper are demonstrated in
Figure VI.

The effect of rotor frequency on
the dynamic elastic and damping ratio
for a Jamper is shown in Figure V1I.
This test was performed with a con-
stant axial motion imposed on the
damper at room temperature. As can
be noted, the change in characteris-
tics over the broad frequency range
shown is slight. For normal helicopter
rotoxr speeds (3 to 7 Hz), the effect
is negligible.

TEMPERATURE EFFECTS

The specially compounded silicone
type polyrer used in the damper ex-
hibits relatively minor changes in
dynamic characteristics over a wide
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temperature range. Operation of the in dynamic characteristics are within

damper from =65° 10 +200°F. i3 tobefe- accoptakle performance roguirements.
fore possible, providing the changes Laburatory tests show a moderate change
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PIGURE VI. ELASTIC AND EQUIVALENT DAMPING RATIO VERSUS MOTION AT ROOM
TEMPERATURE FOR A TYPICAL ELASTOMERIC DAMPER.
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FIGURE VII. FREQUENCY EFFECT OR DAMPIG RATIO AND ELASTIC STIFFNESS FUR AN
ELASTOMERIC DAMPER.
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in the equivalent damping ratio ({e)
throughout the -65° to +200°F. spectrum
even tinugh a relatively lazye change
in the elastic stiffness is noted as
demoi.strated in Figure VIII.

time between overhaul (T.B.0.) of the
elastomeric damper can be in the range
cf 1500 to 2000 or mora flight hours.
Laboratory and flight tests have
verified this predicted life. The
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FIGURE VIII. TEMPERATURE EFFECT ON DAMPING RATIO AND ELASTIC STIFFNESS FOR A

TYPICAL VISCOELASTIC DAMPER.

ZNVIRONMENTAL EFFECTS

The adverse effects of environ-
ments such as sand and dust, ozone,
humidity, o0il, fungus, and sunlight
are practically nonexistent because of
the fo..lowing basic factors:

1, Use of a sprially compounded
siliccne polymer minimizes
chemical deterioration.

2. Metallic components are protected
against corrosion by suitable
chemical treatment.

3. Potentially troublesome boots
or seils are eliminated.

4. There are no sliding surfaces
which may tend to trap contaminants.

S. Lubricants or fluids cannot leak
and effect performance degradation.
ENDURANCE LIFE

The endurance life or predicted

fatique life characteristic of the
elastomer i3 similar to nonferrous
metals (ex. aluminum), that is,
trere iz a finite life depending

on the stress-strain relationship.
A modified form of Miner's Theory of
Accumulative Damage may be used to
predict the endurance life of the
clastomer. Tests to date, indicate
a fifth power function ¢o describe
the S-N curve:

cls
N = {E eq. (13)
where:
N = Number of cycles at E.

E = Dynamic strain, single
amplitudc.

C = Constant dependent upon
size, shape, and frequency
of operation.

Tests are continuing, to v-rify the

§-N curve. Failure of the elagtomeric
damper is very gradual and not
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tastrophic. Filgure IX demonstrates
the rate of stifiiness luss vi a typical
elastomeric damper throughout a 1200
hour laboratory test under a simulated
flight-motion spectrurm, No physical
deterioration of the damper was evi-
dent after testing was halted at 1200
hours. Low cycle fatigue tests
(increased axial motion at reduced
freavencies) show that long time d>ter-
ioration is chavacterized by a gradual
1238 of elastic and damping stiff-
nesses while the damping ratio reinaing
relatively constant. Some "checking®
or cracking of the elastomer was also
experienced during the low cycle fatigue
tests,

Since the elastonmeric material
is bighly dampel, the hysteresis effect
dsvelons an internal heating. Pre-
rature deterioration of the elast.mer
can occur if the frequency and/or
motion are too high. The energy dissi-~
pated per volume of elastomer is pro-
portional to the internal heating
(thus temperature) according to the
following:

B/V=h () (B2K" @ T eq. (14)

where

P/V = Power or enexgy in watts
per unit volume.

f = Operating freguency

E = Strain in shear; ringle
amplitude due to axial
motion.

K* = Damping spring rata (stiff-
ness) of damper.

h = Constant depending on shape,
size.

T = Internal temperature due to
hysteresis heating.

Excessive internal heating can lead
to premature deterioration. The
type deterioration of the elastomer
due to acrelerated testing is not
representative of the type of de-
gradation expected under normal
simulated flignt conditions of rctor
speed and motion -~ for this reason
accelerate” tests are not valii.
Design of the damper must be such
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FIGURE IX. RATE OF STIFFNESS LOSS OF A TYPICAL ELASTOMERIC DAMPER THROUGHOUT A

1200 HOUR ENDURANCE TEST.
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that the eneray dizaivated per unit
volume of elastomer during normal opera-
tion does not lead to early degradation.

FLIGHT TEST RESULTS

In cooveration with a helicopter
manufacturer, p.sototype elastomeric
dampers were designed and manu-
factured. Thess were, in accordance
wich specificationg, to be whirl tower
and flight tested as a potential re-
placement Zor a viscous damper. Initial
testing of the dampers verified the
concept that viscoelastic dampers
could replace the conventional hydraul-
ic dampers. The dampers were matched
in sets (for a rotor system) to a
+ 5% tolerance or. the dynamic clastic
{x*') stiffness for the normal flight
condition. The matching was parformed
te minimize t%e variation in the dynam~
ic damper forces between blades. Ac
of thig writi:g, flight testing is
ccntinuing and the resulte appear
very encouraging.

SUMMARY

The elastomeric damper concept
and its advantages have been des-
cribed and its characteristics
identified. The wost attractive
feature cof the damper is the elimina-
t.ion of maintenance and ‘ts improved
reliability through simplicity of
design principles. Reduced operating
coet and aircraft downtime can be
foreseen.
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EFFECT OF HIGH POLYMER ADDITIVES ON DIFFUSER FLOW NOISE

B. M, Istino
California State College
Fullerton, (alifornia

and
R, C. Binder

University of Southern California
Los Angelos  California

An exploratory investigation was conducied to determine the effects of
dilute concentrations of high motecular weight polymers in water on
liquid flow noise. Experimental measurements were mado in a two-
dimensional variable-angle diffuser with water and agueous eolutions
of the polymers, Polyethylene Oxide and Guar Gum for diiferent flow
conditions, In the region of marginal separation, reductions in
overall sound pressure level up to 10 decibels were obtained.

The investigation required the cdesign and development of a bench-type
blow-down water tunnel system and the inztrumentation necessary

fcr acquiring flow data. Test results show noise and energy level
comr=risons between polymer solutions aud water for various flow
rates and diffusar wall angles,

INTRODUCTION of determining the effect, if any, of additives on
flow noise, Such measuremsnts might furnish
Counsiderable effort, particulariy by the Navy, information which would eatablish the mechanism
has been directed toward the study of the remarkable or theory for the effect of high-polymers on fluid
drag reducing effects of certain high molecular weight friction,
polymer addiitves in the flow of water over surfaces,
The question of what effects sich polymers would EXPERIMENTAL APPARATUS AND
have on flow noise evolved as a result of the above INSTRUMENTATION
observation. The value of being able to reduce or
control flow noige is quite apparent, A bench-type blow-down water tunnel system
was designed and developed for this investigation.
Very amall concentrations of many nztural This system provides a suitable method for testing
and synthetic high-polymer substances have tie with polymer additives which degrade under shear
property of reducing the turbulent friction drag of flow conditions,
the liqt. "~ which they are suspended or dissoived.
Toms {1, ..parently was the first to report this The system includes a storage tank in which
remarkable phenomenon, Hoyt and Fabula {2] showed the polymer additive is mixed with water, 2 plenum
a drag reduction in turbulent pipe flow by as much as chamber at inlet to water tvmnel with honeycomb and
70 percent, Other investigators [3] have reported screens for the purpose of reducing inlet flow nofee
similar results, To date, the theory or mechanism and turbulerce, a varisbie-angle, two-dimensionat
of this anomalous behavior has not been fully diffuser test scction and an exit flow region with
estabiished, straightening vanes, A float tank contr~! acts on &
compressed air supply to maintain & constant
This investigation, which is of an exploratory pressure head at intet to the plenum chamber, This
nature, was und~rtaken with the main objective control provides a constant flow rate through the
of obtaining experimental values or the effect test channel daring 2 test run and could be used for
of high-polymer additives oi flow noise. Mexsure- different flow rates by a vertical adjustment of the
ments were made of water flnw, with and without float tank position,
polymer additives, in a two-( imensivnal variable- -
angle diffuser, This approaci provides meany Datsils of the variable-angle diffuser test
for obtaining differert flow regimes ard & method sectivn are shown schematically in Fig. 1. As
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Nustrated in View A=A of Fig, 1, thes upper and
lower walle which were made of clear acrylic were
used to hold the adjustable side walls in place and

to allow visuulization of the flow; provision was
made for dye injection, Hard rubber, stiffened by
an sluminum block, was used for each adjustable
side wall; rubber provided flexibility in adjusting

the side walls and helped seal the enclosed channel,
For static pressure tap measurements an aluminum
island “trip was arrenged flush with the inner rubber
wall surface, As shown in View A-A of Fig, 1, the
distance between the upper and lower walls was

2 inches and the straight length of each diffuser wall
was 8 inches, For all tests ran in thiz investigation,
the throat width was set at 0,50 inch,

A hydrophone was mounted on the left wall mid-
way between the upper and lower surfaces of the
diffuser test section at a distance of 4 5/6 inches
from the throat section, A Massa M-213 microphone
with a 1/8 inch diameter face was converted to a
hydrophone by placing a latex boot over its casing,
Vaseline was used to couvle the microphone boot with
the microphone face. This coupling provided a very
fow acoustic transmission loss since the specific
impedance of the latex boct and vaseline used in the
tests were approximat, 'v equal to that of water, A
latex slecve wus placed on the microphone to isolate
it from possihble wall vibration. In order to msaintain
a constant check on wall vibration, a dummy micro-
phone was mounted to the wall of the alumirum
stiffener and the signals were chserved on an
oscilloscope,

Figure 2 is a schematic of some of the instru~
ments used in measuring diffuser flow noise. The
hydrophone signals at the diffuser side wall were
used to measure the overall scund pressure level,
The signale were first racorded on tape and then
analyzed by means of the sonic analyzer, The
entire flow noise measuring system shown in Fig, 2,
with the exception of the tape recorder and sonic
amlyzer, was calibrated with a small electrodymamic
shaker using the method "Vibrating Column of
Liquid" described by Schloss and Strasberg [4]. The
tape recorder and sonic analyzer were calibrated in
accordance with the manufacturers tnstructions.

POLYMER ADDITIVES

Testo were m: de with the high~-molecular
weight polymers, Fo'yox (Polycthylene Oxide,
WSR-201 by Unior. Carbide) and Guar Gum (J-2FP
by Westco-Researc:}. The primary consideration
in mixing polymers ie to obtain a homogenous
medium with a minimum of shear degradation.
There are several methods of mixing polymers,
The method used in this investigation was to nre~
disperse first the powder form of polymer in
ethanol; then this mixture was mixed with 4 percent
of the total volume of tap water used in the test runs
by means of a slowly revolving cylinder. After
mixing, the concentrated solution was stored for a
period from one to two days to allow for complete
hyazation, The concentrates solution was sabse-
quently mixed with tap water in the storage tank; in
the storage tank the mixture was stirred slowly by
hand until a wniform solution was obtained,
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Tests with & capillary tube viscometer showed
no significant diffex ence in viscosity for solutions
stored for ore day and for solutions stored for two
days, Alse, flow noise runs were not significanily
affacted hy storage periods up to two days, The pH
readings whick were taken pariodically of samples
from actual tap water runs, were found to remain
reasonably constant, The pH readings ranged from
7.2 to 8.9,

EXPERIMTNTAL PROCEDURES AND RESULTS

All test runs nlade in this investigation were
under steady flow -~nditions and at the tempera-~
ture of tap water (68 + 2 degrees Fahrenheit).
Diffuger flow insiability was found when the side
walls were arranged symmetrically, whereas the
flow was observed to be stabie when one side wall
was fixed parallel {o the stream line at the diffuser
throat, As illustrated in Fig. 1, all test mins were
made in the stable configuration with the left side
wall fixed and the right side wall adjusted for
diffecent angles of diffusion. In addition to tap
water, tests were made with Pclyox in concentra~
tions ranging from 1/2 to § ppm and Guar Gum in
concentrations ranging from 25 to 400 ppm.

Diffuser wall angles D, varying from 0 to 25
degrees were employed in the experiments, The
wall angles were set within a tolerance of 5 minutes,
Average throat velocities U, ranged from 7 to 15 feet
per second,

To demonstrate the consistency of the water
tunnel results with other works, the ratio of the
rms pressure fluctuations to the dynamic pressure
(based on the average throat velocity) was deter-
mined for the parallel wall configuration, This
ratio was found to be ,006 which is in fair agree-
ment with the resnlts of other invectigstors who have
used both water and air flow media. {5), (6], and{7].

Figure 3 showe dimensionless plots of the
power spectrai density as a function of the Strouhal
number by various investigators. The plots of
Harrison and Franz were obtained from a review
report by Richards, Bull and Willis {8]. Harricon
made his arrangements in a subsonic wind tunnel
and Franz made his measurements on the submarine
U.S.8, Albacore, In Fig,9 d/6* is the ratio of the
microphone face diamster to the boundary layer
displacement thickness and i/L is the ratio of the
distance of the hydrophone irom the bow of the sub-
marine to its total length (200 feet).

Data obtained from the parallel wall configura-
tion with water as the flow medium were used to
compute the dimensionless power spectrum shown
in Fig. 9 which shows that the results of the present
invesiigation are in good agreement with the
measurcments obtained by Franz at s location 3 fest
from the bow of the sutbmarine wheve (/L = 0,015
and 5* = 0,079 inch. Measurements obtained st a
location of 45.6 feet from the bow where #/L ~0,228
and &* = 0,55 inch compares favorably with the
results of Harrison, In the present investigation
{ne boundary layer displacement thickness was
approximately 2,01 inch,
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intfuaser fiow norse v as measured in tearms of
the <verail sound pressure lovel SPL defined by
the relarion

sPE 20 lou l"l’ {1

where P is root n . an square sound pressu._o, and
P, 1= a reference sound pressure of | dyae per
s(uare centimeter,

For all noise measdrements obtained in this
investization the SPL at zero throat velocity was
19 decibels,

Figure 1 shows a plot of tne overall sound
pressure level SPL as a function of the average
throat velowity U for diffevent concentrations of Guar
Gum in water and diffuser wall angle D of 10 degrees,
Figure 4 shows that tan water, over o range of
velocities, bad the highest SPL, A concentration of
200 ppm Guar Gum had tue lowest SPL over 2 range
of velocities,

Figure 5 shows a plot of SPL versus valocity
for Polyox for a diffuser wall D of 10 degrees, The
SPL for concentrations of 1/2 and 1 ppm show that
water, over a range of velocities, had 2 higher SPL
than the Polyox mixture. The curves for concentra-
tions of 2 ppm and 4 ppm Polvox show values above
that for water at the lower velocities and below that
for water at the higher veiocities,

A review of all data showed that, for the
diffuser wall angle of 10 degrees, the lower con-
centrations of 1 ppm Polyvox and 200 ppm Guar Gumn
gave the greatest reduction of flow noise below that
of tap water: this is {llustrated in Figs, 4 and 5,

A survey of all the stgnificant data (plotted on
semilog paper) showed that, within the limits of data
scatter, the functional relation between SPL and U
could be described by a logarithmic function of the
form giver by the equation

SPL=Slog /U, @

where S is a parameter which is dependent upon the
diffuser and the solution used for the fiow mediun,
but indcpendent of the velocity, Ug is a reference
velnc'ty corresponding to the reference pressure of
1 dyne per ssmare centimeter used in obtaining the
overall sound pressure levels,

For specific cases, Eq, (2) may de written as
follows:

SPL, = 5, log L/U 3)
and

SPLD = SD log U/Uo {4)

Figure 6 {llustrates two curves: curve AB
representing Ex. (3) and curve AC representing
Fq. (4), Consider the curve AB with the factor S,

corresponding to the flow of tap water only between
parallel side walls. Consider the curve AC with the
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factor Sn for fluid and wall conditions different from
that for SO‘ Let SPL,, represent ihe SPL for curve
AB corresponding to So and let SPLp represeut the
SPL for the curve AC corresponding to Sp, A
relationship which is independent or Velocity is gb=
tained by dividing Eq. (1) by Eq. (3).

K= SPLD/SPLO = SD/SO 5

Let N vepresent this ratio of sound pressure levels,
This parameter N is 2 dimensionless ratio which
can be used to organize data; in this case the SPL
for diffuser flow using various concentrations of
polymer additives is compared with the >PL for tap
water flow noise with paralle! walls,

Figare 7 shows a plot of N versus wali angle
for tap water, Polyox and Guar Gum, The SPL for
tay: water with parallel walls was taken as a ref-
erence SFL, For parallel walls, Fig, 7 shows that
both Guar Gum and Polyox had noise levals some-
what higher than that of tap water, hservations
(using dve tnjection at different pressure tap loca-
tions} over a range of throat velocities and diffuser
wall angles indicated three general flow regimes,
Table 1 liats the results., The flow is defined as
separatec when it no longer adheres to the surfzce
adjacent to the flow field. In one regime, for wall
angles D, from 0 to 6 degrees, there was no
evidence of separation. In 7nother regime, for
wall angles at 14 degrees snd higher, the regime
wag definitely separatad flow. In a third regime,
for wall angles between & and i4 degrees, scpara-
tion was considered "marginal" in this regime the
{luid hoversd between incipient and definite
separation,

Ag illastrated in Fig, 7 in the region of no
separation, the SPL for Polyox and Guar Gam was
slightly above that for tap water. In the region of
defirite separation, the curves show that Polyox
and Gear Gom give SPL values essentially the
same as that of tap water. Polyox and Guar Gum
give significant reductions in SPL below that of tap
water in the region of marginal separation,

FREQUENCY CHARACTERISTICS

Traces from the sonic snalyzer were reduced

to give power speciral dsnsity PSD as a function of
. Figire B shows plots of PSD for tap

water, Polyox and Guar Gum with a wall cogle of
10 degrees and throst velocity of 15,6 feet per
second, The polymer additives reduced the PSD
significantly below that of tap water, Significant
values of PSD are in the low frequency range below
200 cycles per second, Figure 8 shows 2 trend in
which the greatest reduction in PSD ie in the lower
frequencies,

CONCLUDING REMARKS

In this exploratory tuvestigation various
measurements and observations were made, The
salient points are listed below,

1. The SPL of the flow noise thruugh the
diffuser ci.anne! was found to be
approximately related to the throat
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velocity by a logarithmic relation of the
form

SPL=8§ lozlo U/U0

where 8 is a function of the diffuser wall
angle and solution type; Ug I8 a reference
veloeity,

2. The SPL for a constant throat velocity
decreased as the diffuser wall angle
increased from 0 degrees, to approxi-
mately 6 degrees, This is the region in
wirich flow was not separated. As the wall
angle incressed from 6 to 14 degrees
(marginally separated region) separation
incrersed from an incipent to a fully
separated condition, Beyond an angle of
14 degrees the fiow was fully separated.

3. In the region of marginal separation the
diiute solutions of polyox and Guar Gum
reduced flow noise below that of tap water;
reductions of up to 100 decibels ware
obtained. The rerults showed that the
effectiveness of the polymer additives in
reducing the SPL increased with velocity.
In the fully sepsrated regicn there was
essentially no difference between the SPL
using water and the SPL using polymer
solutions, The acoustic energy was
primarily in the low frequency range below
209 cycles per second,

4, The characteristic "knee" found on the
curves of dimensionless power spectral

appear to develop when the boundary layer
thickness is amall,

2t would be desirable to obtain measure-
ments of the velocity distribution of water and
polymer solution in the marginaily separated
region where the greatest noise reduction is
obtained. This information would be helpful
in interpreting the results, The region of
marginal separation, however, is very sensitive
to disturbances and is unstable. In this region
probes or projections in the stream had a
marked effect on the flow. Thus it was con-
sidered wise to avoid inserting any probe in
the diffuser flow,
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NOMENCLATURE
Symbol

LU - )

microphone face diameter
wall angle, degrees
frequency

spring constant

distance
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L total tenyth of the submerine U, 8,8,

Albacore R UPPER WALL _ HYOROPHONE
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Observations of Water Flow Separation

1 b v Left Side Wall Right Side Wall
Deg. Ft/Sec| 1 2 31 4 5 1 2 K} 4 5
) 128 {N| N| N{N]|N NNl N|N]N
25 | 130 {N] N|{N|N]N Ni{N| N| NN
1 5.0 1B N N[N NN NI N|N|N]|N
] ) 134 [N N| N|N] N NN NI MM
3 10,0 128 | N| N| N | M| M M| M| M|s]s
] 12,5 125 | N| NI MI M| M M| M|S|s|s
3 150 | mo | N| Nt MiMlw M|{s!is|s|s
20.0 s (N N[ M|s s s |s|sjis|s
|

M Marginal Separation
N No Separation
S Separation

Column numbers refer to dys injection tap locations,
(same as pressure tap locations shown in Fig. 1)
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HAWK SUSPENSION SYSTEM PERFORMANCE
ON M754 TRACKED VEHICLE

Paul V. Roberts
Raytheon Company

Missile Systems Division

Bedford, Massachusetts

and shock over rough terrain,

to 7g on the missiles,

The rubber isolator, hydraulic damper, HAWK launcher suspension,
protects existing HAWK missiles from severe tracked vehicle vibration
The isolators are canted 25 degrees in
the pitch-vertical plane to decouple vertical, longitudinal, pitch modes
and reduce longitudinal and pitch motion,

The suspension system was particularly effective in attenuating a broad
band of severe tracked vehicle vibration to within £ 1g on the misziles,
Short period shock of 5 ms to 10 ms duration on the vehicle front sproc-
ket and read idler were attenuated from peaks up to 30g on the vehicle
Eguivalent static combined load criteria of 7. 5g
down, 1. 5g up 4, 5g fore and aft and + 3g transverse were substantiated
by statistical studies of shock data obtained over the Perryman 3 Cross
Country Course at Aberdeen Proving Grounds,

INTRODUCTION

The M754 tracked vehicle, which is a modi.
fication of the Food Machinery Corp. M113 class
vebicle, was specially adapted by the Raytheon
Company, Missile Systems Division, to carry
the HAWK launcher and three missiles. The
system is known as Self-Propelled HAWK, SPH.

The launcher with missiles was initially
designed for slewing and tracking as compared
to transportation loads and the missiles were
principally designed for flight loads. A sus-
pension system which provided adequate protec-
tion from severe tracked vehicle vibration and

ground shock over rough terrain was consid-
ered essential,

The tracked vehicle vibration and shock
environment, initially established from back-
ground reports and early tests, has been well
substantiated by acceleration measurements,
between 2 and 2000 Hz, on at least eight vehi-
cles. Natural frequency, mode shape and
response analyses to optimize isolation of the
vibration and shock environments are described
under Suspension Systern Analyses.

Instrumented engineering and gualification
tests were conducted over special colcrete
bump courses and paved roads at Raytheon
Bedford, tank trails and Lilly cross country
terrair at Fort Devens, Massachusetts, rough
desert terrain at White Sands New Mexico and
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appropriate courses at Aberdeen Proving
Ground such as Munson shock and vibration,

Perryman 3 cross country and Churchville
hills.

Launcher missile simultaneous sheck
response in principal directions over specific
large bumps was studied in detail to establish
combined and unidirectional static limit load
criteria for hardware design. Statistic 2! stu-
dies were made of shock data ov~r the 3.3
mile Perryman 3 qualification course at Abcr-
deen Proving Ground (APG) to determine prob-
ability and number of times various load levels
may be reached.

VIBRATION SHOCK AND 1.OADS
ENVIRONMENT

Input vihyration and shock from the M754
vehicle to the suspeiged launcher missile
assembly, as well as launcher missile design
loads, have been established fromr measure-
ments on at least eight SPH vehirle systems
over a wide variety of terrain,

Vibratiun

Vehicle vibration is due primarily to track
laying impulses which are miost severe when
travelling at higher speeds on hard pavement.
Fundamental track laying impulses for the
M7¢4 vehicle occur at a freqnency F, given by:
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where S s the vehicle velocity 1u feet per
second &l 0.5 13 the patch length of the M754
track links. The fundamental i :quency Fy at
various speeds s thetefore:

Speed Freq. FV
{fps) Hz)
5 10
10 20
i5 30
20 40
30 60
40 30

S:nce vehicle speeds on hard pavement are
zenerally above 10 fps, corresponding to ¢.8
mph, the suspension system should be designed
to isolate vibration above 20 Hz and be very
ef{ective in attenuating most severe inputs
be*wear 40 and 80 Hz.

Significant vekicle vibration is also due to
the secoad, third and fourth harmonics of the
track laying frequency; motor, drive system
and accessory forcing functions and drumming
of cab and body shect metal panels,

Environmental vibration conditions used for
separately mounted vehicle equipments are as
followss;

0.06 inch DA from 10 to 36 Hz
+4g from 36 to 500 Hz
+7g from 500 to 2000 Hz

The launcher missiie suspension system
isolates the above v.bration above about 14 Hz,
Without the suspension system resonances in
the distributed launcher missile structure would
result in missile vibration substantially cbove
these levels,

Shock

Most severe vehicle shock which must be
acttenuated by the launcher missile suspension,
io due to rigid elements above the vehicle sus-
pension such as the front drive sprocket and
rear idler, striking hard ground while travers-
ing rough terrain, see Figure I,

Shock levels up {o 3U0g have been measured
above the fron. sprocket with typical durations
of about 5 milliseconds, Shocks up to 25g have
been measured above the rear idler with
typical durations of 10 milliseconds.,

Long period shock from about 0.1 to &
seconds duration also accurs due to bazic motion
over tertain and excitation of vehicle vertical
and pitch frequencies of atout 1,7 and 1 Hz,
respectively. The following are representative
maximum levels,
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Vertical 5g down - 2g up
Longitudinal #4g
Transverse +2y

Fig. 1 - Photograph of SPH

Design Loads

Equivalent static limit loads which were
used for newly designed SPH lauacher missile
attachments as well as upgrading of existing
launche * hardware are as follows:

Combined Umdirectional

Vertical down 7.5g 8g
Vertical up 1. 5g 2g
Longitudinal +4, 5g zbg
Transverse +3,0g +4,5g

These loads are based on combined and
unidirectional launcher missile shock response
at sufficiently long durations, generally between
40 and 200 ms, to approach static conditions,
The response levels are due to a combination
of short and longer duration vehicle inputs
described in preceeding paragraphs,

SUSPENSION DESIGN CRITERIA

A vertical natural frequency between 6 and
8 Hz is desired to attenuate the peak 25g, 10
ms half sine shock, due to hard bottomming of
the rear idler, to 7g at the missiles,

The fore and aft frequency should be
between 3 ard 5 Hz to limit longitadinal accel-
erations to about 4. 5g. The longitudinal pitch
mode should be decoupled as much as possible
to mirimize pitch motion and the possibility of
the cutboard missile radomes hitting the top
of the cab,
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The transverse frequency should be
between 3 and 4 Hz to limit transverse missile
accelerations to about 3, 5g,

Frequencies in six degrees-of-freedom,
along and about the X, Y, Z axes, with the
vehicle considered rigid, should exceed 3 Hz in
order to avoid coupling with vehicle suspension
frequencies below about 1, 7 Hz,

Natural frequencies below 8 Hz would pro-
vide abunt 4 to | attenuation of vehicle vibratory
inputs above 20 1iz and between 13 and 30 to |
attenuation of most severe track inputs between
40 and 80 iz,

Damping must be provided in the suspen-
sion system to prevent ccatinuous resonant
motion of the launcher aad missiles at mount
natural frequencies. A high damping ratio of
approxirnateiy C/C. = 0,25 proved satisfactory
during initial tests of the prototype system.

The rubber iusolators nust have sufficient
elastic travel at principal natural frequencies
tc prevent bottomming dne to peak shock inputs,

In summary, the suspension system should
control the six principal natural frequencies of
the launcher missile assembly on the rigid
vehicle between 3 and 8 Hz, provide a damping
factor of about C/C. = 0,25 ana have sufficient
elastic travel to prevent bottomming,

DESCRIPTION CF SUSPENSION SYSTEM

A sketch of the suspension system is shown
in Figure 2. Four Lord J5130 sandwich rubber
mounting units were specially developed for use
in the overall Raytheon engineered suspension
system along with seven Delco hydraulic shock
absorbers for additional energy absorption and
damping,

' k)
2’-«“- -.é.—- -olj‘zq\

Fig. 2 - Sketch of Suspension Geomtery

The two forward and two rear mounts are
tilted 25 degrees to the horizontal in the longi-
tudinal, vertical X - 2 glanc tc decoupla and
limit motion in the longitidinal and pitch modes,
In addition to analyses, tests were conducted
over the Bedford concrete bump course with the
mounts at 12 degrees, 25 degrees and 38
degrees which confirmed better all round per-

formeznce at the 25-degree angle.

Consideration was also given to tilting the
mounts in the lateral as well as lengitudinal
planes but was not implemented due to high out-
board structural loads on the tracked vehicle
fenders,

The cg dimensions on Figure 2 are with a
three missile total load of approximately 6400
1bs, The cg nioves down ahout 7 inches toward
the mounting plane and aft about 1 inch per mis-
sile as the load is decreased from the full three
mssiles,

The J5139 mounting urits are 3-inch thick
overall, which leaves 2. 5-inch rubber thickness,
after subtracting 0. 5-inch for the top and bottomr
0.25-inch steel nlates. The mounting unit base
is 5 1/8 inch square and the upper load face 18
4,74 inch square giving 2 face area of 22 in.%.

Shear stiffnesses of the front and rear
mounts are approximately 1500 lbs/in. and 1200
lbs/in., respectively. The L ratio, or ratio of
compression to shear st:ffness, is approximately
6.5 to 1 for all monnts,

The mcunting unit elastornetric material is
natural raebber at the rear and more highly
damped Lord Co, BTR IV at the front.
highly damped elastomer was used for the front
mounts since =pace was not available to instail
vertical and longitudinal hydraulic dampers at
tne front of the launcher.

Seven Delco standard automotive size shock
absorbers are used in the suspension system
which furnish additional energy absorption as
well as damping capacity. These shock absorb-
ers arc described as follows with respect to
location, direction and damping force versus
velocity.

Four l-inch diameter pision, lateral
shock absorbers at the fou: mounts each
fu:nish about 50 lbs/in. /s Gamping
force at velocities up to 30 in, ;s

Two 1 3/8 inch piston, vertical longi-
tudinal shock absorbers at the rear
mounts each furnish about 70 1bs/in. /s
damping force up to about 30 in. /s
velocities

One 1 3/4 inch piston, vertical longi-
tudinal shock absorber at the rezar of
the launcher furnishes a damping force
of 200 lbs/in, /s up to 4000 1bs and

80 Ibs/in, /s up to 6100 lbs
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SUSPENSION SYSTEM ANALYSES

Analyses were made to determine the
natural frequencies and mode shapes of the
launcher 1 ussile assembly, in six degrees-of -
freedom along and about the X, Y, Z axes,
considered as a rigid body on the suspension
system,

Thes=2 analyses were conducted by means
of a UNIVAC 1108 computer using a special pro-
gram devised at Raytheon which solves any
fumped parameter or distributed system for
transient, sinusoidal or matrix form inputs,
For dynamics purposes, the program deter-
munes undamped natural frequencies and mode
shapes as well a¢ transient accelerations, velo-
cities and displacements at the cg and mounts,
with time.

The form of the equations used is:
Mx+ Cx+tKx = F

which written out in matrix form and neglecting
damping becomes:

[Mx 0 0o o o o X

0 My 0 0 0 0 Y

0 0 Mx 0 0 ) z

0 0 Iy o o0 ¢

9 o 0 0 1z 0 5

{0 O 0 x y
J L

{Kl K, Ky Ky K; Ko X

K, K; Kg Kq Ky Xy

Ky Ky K, Ki3 Ky Ktz

Ky Ko Kyg Ko Ky Kgle

Ks Kjo Ky K7 Kjg Ky ) 8

Ko K Kis Kig Ko Xz ||0

r 1

F ult)

0

6

0

0

0

| ]

The masses Mx = My = Mz = %
wvherz %W is the launcher missile weight.
The mmertias Iy, 1z and Ix are the pitch,

vaw and roll mass moments of inertia about
the cg, respectively,
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The stiffnesses K, K;. etc.; are deter-
mined from Lagranges aquations of motion in
the six coordinate d!ractions wherein:

P 2

e=T+U =3 xPiviizhag u, o
KL _ 2, k2 2

2 2 2 kn
1kIzB +Ix7 )+Tyl T v T Y,

where k} ---- ky are individual mount stiffnes-

ses and 3, ---- 3 are deflections at each mount.

K] becomes the overall stiffness due to
motion of My in the X coordinate in terms of ki
---- k, and system geometry. Only 2] of the
36 stiffnesses K need be calculated since the
[K] matrix is symmetrical. The units of K are
1bs/in,, lus/rad, in. -1bs/in., and in, -1ba/rad.

The inpits F u{t) for these calculi.tions
were half sine shock pulses as described under
vehicle environment in terms of force at spe-
cific time intervals through the pulse.

Natural frequencies and mode shapes
ohtained from these analyses are listed below.

Frequency Mode Location

Mode (Hz) {cg)
Vertical 6.9 493" Forward
Lataral 2.5 179" Below
Long-Pitch 3.7 54" Below
Pitch Long 4.6 34" Above
Yaw 4.14 3" Forward
Roll 8.33 6'" Above

Results of analyses to determine response
at the launcher missile cg to half sine shock
inputs are as follows:

Input Direction Response
30g - 5ms Vertical 4,22
25g - 10 ms  Vertical 6.9¢g

30g - 5ms Longitudinal 2.3g
25g - 10 ms  Longitudinal 4.1g

A twelve degree-of -freedom system,
including the six principal modes of the launcher
missile assembly, plus the corresponding six
modes of the venicle considered as a rigid body,
was also analyzed for natural frequencies and
shock response using the UNIVAC 1108 compu-
ter programn,

A dynamic model of this system showing
the twelve degrees-of-freedom, along and
about X, Y, Z axes through the iauncher mis-
sile cg and the vehicle cg, is shown in Figure 3,

Vehicle suspension stiffnesses are consid -
ered in these analyses as well as the launcher
suspension and can be varied from actual road
arm stiffnesses to infinity for a rigid vehicle
case.

The larger twelve mode analytical approach
yields lower more accurate iauncher missile
shock response, especially for inputs at the
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front of the vehicle which are attenuated con-
siderably at the launcher suspension system
due to vehicle pitch,

Launcher missile assembly natural fre-
quencies and moede shapes on the suspension
systoem, obtained from the twelve degree-of-
freedom analyses, are listed as follows. The
six predominantly vehicle frequencies are
helow 2 He.

Frequency Maode Locaticn

Mode {Hz) (=g)
Vertical 9.2 360" Ferward
Lateral 4,1 244" Above
1,.4g-Pitch 5.6 91 Above
Pitch-Long. 4.5 8. 5" Below
Yaw 4.4 0.9" Forward
Roll 2.5 5.8" Above

Results of analyses to determine response
at the launcher missile cg to half sine inputs
at the front and rear of the vehicle are as
follnws:

Response

inpu Input D:rection ()
30g - 5ms Vertica: Front 1,1
25g - 10 ms  Vertical Reax 4.9
20g - 12 ms  Vertical Rear 5.8
30g - 5ms Longitudinal 2,3
25g - 10 ms  Longitudinal 3.9
20g - 15ms  Longitudinal 4.6

‘The above vertical shock response with the
twelve degree-of-freedom system is, as anti-
cipated, much lower than with the six, espe-
cially due to inputs at the front of the vehicle,
f.ongitudinzl response is about the same,

A further extension of these analyses is to
congider the vehicle as a distributed mass
spring system as compared to a rigid body.

Flexing of the vehicle occurs primarily in the
fundamental vertical bending and torsion modes,
Although vemcie ficxin, occurs wall above sua.
pension frenuencies and 15 generally relieving
from a launcher shock standpoine, vehicle
vibratory motions covld be treated more accur-
ately using the disiributed approach, A further
refinement is considering the launcher missile
azasembly as a distributed aystem, Launcher
misiile structural resonances are sufficiently
above suspoension frequencies, however, not

to sivnificantly effect susrension system
performance.

Test Correlation

Experimental natural frequency tests were
conducted with the vehicle blocked to provide a
rigid platform for the suspenion system,
Resalts indicated principal natural frequencizs
of the launcher missile assembly approaching
the frequencies calculated for the tweive degree-
of-freedom vehicle launcher system.

Natural frequencies closer to the twelve
than the six degree-of -freedom system were
primarily due to the vehicle not being completely
blocked. An increase in dynamic rubber stiff-
ness also occurs at the small %0, 05 inch test
response amplitudes as compared to actual
deflections up to about 1 inch in compression
and 3 inch in shear due to peak shock inpu’s.

The hydraulic shock absorbers had little
effect on natural frequency values., Magnifica-
tions at resonance with and without the dampers
are listed below from tests in principal direc-

tions.

No With
Dampers Dampers
Vertical 4.7 3.3
Lateral 6.8 2.7
Longitudinal 6.0 4.2

Typical resonance curves measured at the
reay of the center missile at the longitudinal
rocking frequency, both with ané without damp-
ers are shown in Figure 4.

Deflections of the standard automative type
rubber end fittings used on the shock absorbers
have the desirable feature of decreasing trans-
m’ssion of most severe higher frequency vehicle
vibration through the dampers. The shock
absorosrs are verv effective for their primary
design purpose of damping shock induced high

elocity large displacement motion of the
“uncher miss'e assembly,

Rough T2rrain Tests

One of the principal problems in designing
a suspension systemn and launcher massile
support hardware 1or a tracked vehicle applica-
tion is clearly estublishing the se:erity of the
mobility conditions which tne sy stem should
withstand,
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An alinoest infinite var:ety of rough terrain
and different size and shape bumps can conceiv-
ably be encocuntered up to maximum vehicie
speeds. [t is evident that judgements must be
exercised 1n establishing mobility conditions
which are rcalistic for design purpouses as
compared to accidents,

In consideration of the above, certain
natural hmitations become predominant. The
first of these 1s driver safety and degree of
discomfo“t, In general, thz comfort and safety
of the driver are directly related o the speeda
and driving techniques used 1n negotiating rough
tzrrain, Tracked vehicle drivers learn from
experience given adequate checkout, permissible
speeds and best driving techniques such as
hraking, turning and accelerating to use in
negotiating rough *errain and obstacles without
risking back o: head injuries. Accidents must
be separately identified and minimized by
military vehicle nrocedure and personnel train-
ing.

A second principal consideration from the
standpoint of launcher missile attachment design
conditions i3 the basic capability of the tracked
vehicle. The suspension system and mounted
equipment can generally be considered struc-
turally satisfactory if they can withstand as
severe mability conditions as the tracked vehicle
which has undergone considerable testing and
operational military experience,

The above discussion relates principally
to design loads to prevent operaticaal structural
failnres. The impertant overall consideration
is that the nussiles fire reliably from the
tauncher after being subjected to the total
vehicle mobile environment including vibration,
shock, etc., as well as structural loads.

Rediord Ry

»n
o ummne Lt

A special concrete bump course was
conatructed at the Raythecn Bedford Laborator-
ies during prototypc engineering and develop-
ment to evaluate the SPH mobility environment
over severe terrain,

‘I'he course, described below, was more
severe than Munson courser at Aberdeen Prov-
ing Grounds used for vibration and shock tests
of Army vehicles and represanted engineering
judgement of the type conditions necessary to
vrovide a rugged and trouble free SPH system
for the rough country mobility usage intended,

The course consisted of:

1) Two 6-inch bumps, with peaks
13 fset apart and roughly sinusoidal
in shape to simuiate mild unduiat-
ing terrain,

2) Two 14-inch sinusoidal bumps with
neaks 17 feet apart to simulate
sevece undulating terrain. The
peak of the first 14-inch bump was
21 feet from the second 6-inch
peak. These bumps were found
very severe from a vertical and
longitudinal shock standpoint due
to sprocket bottomming zn the up
slope of the second 14-inch bump.

3) Fecur 8-inch racking bumps 7 feet
apart and staggered to give racking
motion, The peak of the first
racking bump was 21 feet from the
last 14-inch bump,

4) Four 8-inch bumps with p~aks 7
feet apart to simulate washboard
type terrain. The peak of the first
washboard bump was 21 feet from
the last 8-inch racking bump.
These bumps are also roughiy
sinusoidal in shape.

5) One 3-foot sinusoidal bump to
simulate a ridge type conditicn,
The peak of the 3-foot ridge was
about 29 feet {rom the peak of the
iast 8-inch washboard bump,

3) One 8-inch by 6-inch timber
imbedded in hard surface with
approximately 20% -foot high speed
approach.

7) Sudden 9-inch dropoff from hard
surface into hole found to produce
high rear vehicle shock due to the
rear idler dropping back on the
atep.

8) Paved roads for most severe
vehicle vibration,

Fort Devens Course

Engineering and development tests of pro-
totype systems were conducted over rough
roads, tark trails and hilly rocky open terrain
at Fort Devens, Massachusetts. A short l6-ram
movie of tests at Fort Devens and the following
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Donna Anna course are included in the verbal
presentation to illustrate the severe conditions

used for SFH mobiiity tests,

Donna Anna Course

Qualification tests were conducted by the
Army Test and Evaluation command, TECOM,
over rough desert roads anl open terrain on the
Donna Anna test range near White Sands Prov-
ing Ground, New Mexico. One of the most
severe bumps used for repeated testing was a
30-inch deep wachout in the hard desert rcad at
the bottor: of a small ravine,

Aierdeen Proving Ground

Army TECOM qualification test: ~vere con-
ducted over Munson hard surface ccurses usad
for shock and vibration, Churchvilie Hills and
Perryman cross country courses, at Aberdeen
Proving Grou-«. “fyryland.

The n~it vave: : of these courses from a
shock i &+ landn; was the Perryman 3 cross
count- - i, ‘si.  Approximately 600 miles of
continzous 24 hours per day tasting was required
over this course u2ing drivers in relays at
typical to severe drivirg conditions. Speeds
over larger bumps ir this course, located about
every 100 feet, are generally less than 10
mph increasing up to about 15 mph over smoother
sections.

The Perryman 3 course (see Reference 1)
varies somewhat with the season, weather and
usage. Typical profiles of larger bumps sur-
veyed during SPH tests are shown in Figure 5.
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Fig. 5 - Typical Profiles of Larger Bumps
on APG Perryman 3 Course

165

VIBRATION ISOLATION RESULTS

Vibrativn masasursmants ovor the varigus
courses previcusly described, at frequencies
up to £ kHz, show extremely effective isolation
of vehicle vibration from the missiles and

launcher,

Results were compatible with design
analyses based on the predicted vehicle vibra-
tion environment and suspension system design
criteria. Missile peak vibration was below #lg
at all frequencies up to 2 kHz whereas vehicle
steady vibration frequently reached #7g with
veaks over £20g.

Peak vibration measured on the launcher
missile assembly and vehicle are shown in
Figure 6, Peak vibration plotted is defined
as the average of about five consecutive peak
cycles which occurred repeatedly throughout
test runs,
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Fig. 6 - SPH Vibration Summary

The high degree of attenuation accomplished
by the SPL suspension system is shown graph-
ically in Figure 7, which is a reproduction of
steady vibration cscillograph data over a gravel
road at 30 mph. The contrast is seli-evident
between the uppr r aine quiet traces on the
launcher and missiles and the lower six high g
broad frequency band traces on the vehicle.

Electronic vibration data reduction conduc-
ted by Aberdeen Proving Ground Development
and Proof Services, see Reference 2, agree
favorably with the resulte reported above., The
maximum vibratory acceleration measured at
the center of gravity of the missiles during
paved road operation was less than ig crest and
0.2g rms. Attenuation of g rms ievels by as much
as 19 to 1 were reported from che cg of the
vehicle to the cg of the missiies,
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Fig. 7 - Typical SPH Vibration Data at
30 mph

SHOCK RESPONSE

Acceleration data measured at frequencies
up to 2 kHz, over prepared and rough terrain
courses previously described, show very elfec-
tive isolation of short geriod shock inputs from
the iauricher and missiles.

Peak shock results on: the vehicie and
launcher missile assembly measured on all
courses are plotted in Figure 8, The shock data
plotted are single higiust peaks at varicus half
sine durations reflected back in the zero accei-
eration baseline.
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Fig. 8 - SPH Shock Data
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As predicted by design analyces, the data
of Figure 8 shows that the suspension system
attenuated short period shock such as 30g-5 ms
and 252-10 ms, to less than 7g on the launcher
and missiles,

The decreasing shock isolation effectiveness
as vehicle shock input durations increase can be
clearly seen on Figure 8, Since vehicle shock
levels decrease as durations increase, launcher
missile shock levels are in all cases below
limit load conditions vsed for design of launcher
and missile attachment hardware.

STRUCTURAL DESIGN LOADS

Simultaneous shock in various directions on
the launcher missile assembly were analyzed
over most severe bumps at Bedford, Fort
Devens, Donra Anna and the Perryman 3 course
at APG for use in establishing structural design
loads,

The Perryman 3 profiles showr i faigure 5
are typical of burmps used for detailed shock ioad
analyses, Durations of the launcher missile
shock considered applicable for structural loads
were generally between 40 and 200 ms,

The oscillograms of Figures 9 and 10 show
simultaneous shock resulting from travarsing
two of the most severe bumps in the Perrymzn
3 course at so-called maximum safe driving
speeds,

The oscillogram of Figure 9 is used as
follows to illustrate the engineering approach
used in analyzing detailed shock signatures for
simultaneous loads. A peak down vertical
inertia load cf 6.8g occur:zed on the right rear
launcher shaft above the mount. Lower down
loads occurred however, above the other launcher
shafts and at the B mussile aft support boom,
such that the maximum simultaneous down load
on the launcher missile assembly averaged 5g.
Simultaneous loads in cther directions were
2.5g aft at the B missile aft boom, 0,5g trans-
verse at the launcher shafts and only 0. 2¢
transverse,

The above simultaneous shock loads are
well below combined limit loads used for struc-
tural design. A combination of the peak skock
levels in varicus directions, which occur at
siightly different times than the simultaneous
shock values, were z2lsv well below the limit
load criteria,

A summary of simultaneous loads deter-
mined over the sixteen most severe bumps
cncountered in the Perryman 3 coarse is con-
tained in Table 1. The bumps were most severe
from the standpoint of resulting accelerations
due to a combination of bump size, higher speeds
and driving technique, It is seen that although
local shock in single directions approaches
limit load levels. combined loads are in all
cases less severe than the structural design
criteria.




el aiian)

bt dd

e TR T T

VTS

I

TR T T Y

Al

Cackay

o

Simultanecus shock signature analyses plus
the following statistical studies confirmed the
SPH design limit lozd criteria listed helow as

.......

Combined Unidirectional
Vertical down 7.5 8g
Vertical up 1.5g 2g
Longitudinal +4,5g z6g
Transvorse +3g +4, 5

The above vertical down factors include the
lg static load and the up factors renresent actual
dynamic up inertia loads of 2. 5g and 3g.
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STATISTICAL SHOCK ANALYSES

Shock data measured over the Perryman 3
course at maximum safe driving speeds was
statistically analyzed by means of the UNIVAC
1108 computer,

The shock data used for statistical analyses
consisted of peak longer period shock measured
over s4pecific bumps, such as the shock data of
about 40 tc 200 ms duration used for simultan-
eous loads, see Figures 9 and 10,

Statistical analyses of the large amount of
shock data obtained over the Perryman 3 course,
at severe driving conditions, was considered of
primary significance in confirming structural
design loads.

Shock peaks on major elements such as the
missiles, launcher and vehicles, in principal
directions, were first treated using a standard
statistical program to find the arithmetic mean,
standard deviation and probability distribution of
the data collection. The most convenient form,




however, sie iuat shiock data <an be conaid-
ered symmetrical about zero, used a mean
value of 0G and the Grms or g value as the root

mean square of the shock peaks.

Examples of the later approach are shown
in Figures 11, 12 and 13 for the vehicle spons-
ons below the mounts, the launcher shafts above
the mounts, and the rissiles, all in the verncas
down direction,
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Fig. 11 - Statistical Shock Loads Analyses
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Fig. 12 - Statistical Shock 1.cads Analyses -
Shafts Vertical Down

The statistical probability curves on Fig-
ures 11, 12 and 13 are typical of all shock data
treated in this manner. The suape of the curves
at higher shock levels is more similar to a
standard than a Rayleigh type distributien,
which are shown on the figures for cumparison,
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Fig. 13 - Statistical Shock Loads Analyses
Missiles Vertical Down

The probability f reaching high values such as
30 appear somewhat less than in a standard dis-
tribution,

The following table indicates Grms (lo)
levels, the peak shock measured and its corre-
sponding no value for elements of greatest
interest,

lo

Grms | Peak G no
Ali migsiles vertical
down 2.48 6.0 2,12
All missiles vertical
up 1.13 i.9 1.51
All missiles trans-
verse 2.14 4,6 2.17
All missiles long-
itudinal 1.86 3.7 1,97
Vehicle sponsons
below mounts 6.02 13.8 2.30
YLauncher shafts
above mounts 2.42 6.7 2,79

The above tabulation shows that peak shock
measured was below structural design crite.ia
levals. The peak ns values are also below the
35 level indicating that 30 loads should generally
represent a conservative approach in designing
for severe rough terrain mobility., Care niust
be taken in using this approach for load criteria,
however, to convert data measured locally at
all locations on a major element, such as plot-
ted in Figures :1, 12 and 13, to overall loads
on the element acting in the manner used for
structural analyses.

Further more detailed statisticxl studies
of the SPL shock data cbtained at Aberdeen Prov-
ing Ground are pianned in connection with an
improved version of the syste:n currently under
development.
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The SPL secondary suspension system
satisfactorily protected the launcher and mis-
siles from excessive vehicle vibration and
shock during most severe eagineering and qual-
ification test mobility conditions,

Early mobility tests of actual hardware are
of primary value during development of trached
vehicle secondary suspension systems to posi-
tively establish payload response characteristics,
Design analyses should be thoroughly conducted,
in congideration of the known environment, to
insure a properly engincered system for tist
evaluation, Computer simulations are valuable
in insuring adequate knowledge of significant
dynamic behavior,

Lesign limit loads at 1o vaiues over longer
period Grms shock levels, measured over a
variety of representative rcugh terrain such as
the Perryman 3 course at APG appear reason-
able for structural design. An adequate statis-
tical sampling must be obtained, however, using
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typicai driving speeds and techmques approaci-
ing the limit of driver capability, Overall as
well as local loads, should be treated statistic-
ally along paths used for structural analyses.
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