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EVALUATION OF INERTIA SENSITIVITY

Prepared by

Murray Kornhauser

ABSTRACT: The main objective of this report is to discuss
the determination, presentation and interpretation of
inertia sensitivity data. Theoretical analysis of the
mass-spring system for response to acceleration-time pulses,
amplification factors, characteristic delay times, and
inertia gsensitivity are used as a basis for discussion of
actual devices. Effects of deviations from the idezl mass-
. spring system are considered. Practical use of sensitivity
data is discussed with regard to the reliability of
laboratory methods, the accuracy of rield measurements and
variability of service conditions.
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In the course of evaluating the suitability of various
inertia-actuated ordneance devices from the standpoint oi
their aensitivity to actuation by field conditions such a:s
launching and target impact, or by unciegirabie influenceée
such as missile maneuvers and countermining, various methodsn
(experimental and theoretical) of testing and analyzing the
perfornmance of these clevices have evolved. It ies the i1:pose
of this report to present these techniques in a8 unifs form
with the theoreticzl background necessary for their intelll-
gent application. The subject matter is intended primsril~
ags an information source for those interested in desizn and
evaluation of irnertia-operated devicen. The informatic:
contained herein iz the product of many design and evalia-
tion tasks; the work of presenting this report having been
done under Task C6-256-11-54. The opinions 2nd Jjudgmerts
expressed are those of the Technical Evaluation Departmint.

EDWARD 1.. WOODYARD 2
Csaptain, USH
Commander

s Ml e
R. E. HIGHTOWSR
By direction
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NAVORD Report 3577
EVALUATION CF INERTIA SENSITIVITY

INTRODUCTION

1. The inertia device considered herein may be any mechanism
vthich must move some distance against a restraining force in
order to perform its mission, in response to a tranclient
forcing function. Tha forcing function is an acceleration-
time pulse acting on a mass and the restraining foi'ce is
exerted by some elastic member. A simple example of such a
device may be an inertia firing switch for s torpedo, con-
sisting of a small mass on a spring, Figure 1.

TARGET

M t\s{‘

Figure 1
An Inertia Firing Switch

In the activation of the switch, the acceleration-time
pulse is generated by the deceleration of the torpedo as

it strikes the target, and the mass stretches the spring
[Figure 1) under its own inertia force until an electrical
firing contact is made. Inertia devices are seldom as
idealized as this simple mass-spring system. However, many
of the conclusions reached for the behavior of the mass-
spring system ¥ill be valid for more complex devices. It
should be noted, however, that these analyses are not appli-
cable to point-detonating switches, which are actuated by
direct forces which displace the parts.
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2. Ir describing the performance of an inertia mechanism,
it is sometimes deemed adequate to deitermine whether or not
the device will function properly under one given set of
opercting conditions. For the examrle cited above Figure 1,
a go or no-go test of the torpedo striking a given target
2t a certain angle at a speed of three knots may be considerad
on evalvation of the firing switch. However, thiz Iypre of
teat does not explore the full potertialities of th: switch
in that application--namely, the "quantitative" senszitivity
or minimum striking velocity to fire; nor doeer 1t examine the
performance of the awitch under other operating circumstances,
such as other types of target or otrer torpedoea. It 1= 2
peculiarity of development work that most dewices  iginally
onceived for one specific purpose end up being uvassi for
various other applicationa. For this reason, and also for
the reason that the designer can rarely define the service
conditions clos2ly, it is highly deeirable to kmow the per-
formance of the mechenism under any set of circumstances.

3. As to the question of what circumgtancas could influence
the action of an inertia device, the acceleration-time history
of the device entirely describes the input pulse, the nost
basic parameters being the acceleration, veloclty change, and
duratiorn. (Note that the activating pulse consists of the
local acceleration-time history at the housing of the inertia
device, and that the responege of the device is independent of
the initial veloclty of the weapon, i.e., the device cannot
cdifferentiate between a sudden change in velocity from 1500
to 1490 ft/sec and cne from 10 ft/sec to rest.) The sensi-
tivity curve for a single-degree-of freedom system (such aa
the mass-3pring system of Figure 1) in response to simple
acceleration-time pulses in a given direction will generally
be similar to Figure 2.
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Pigure 2
A Typical Sensitivity Curve
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This curve makes the prediction that when the velocity change
and average acceleration of the input pulse cen combline to
define 2 point in the cross-hatched region, the device will
not function. All points above and to the right of the curve
represent points at which the device will function. Basically,
this single curve completely defines the sensitiviiw of the
nechanism to inertial actuation. The sensitivity curve for a
torpedo firing switch (such as Figure 1) would indicate what
minimum velocities would be reguired for firing at all angles
of impasct (individual sensitivity curves are usually indi-
cated for each direction of acceleration, since few mechanisms
have identical properties in all directions) and all degrees
of target rigidity (which affects the peak acceleration of

the pulse). Figure 3 indicates. for one angle of impact, how
the properties of the target are typically reflected in the
sensitlivity curve for the torpedo firing switch of Figure 1.
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Figure 3
Typ’cal Impacts Located on a Sensitivity Curve
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k. Unfortunately, there are other phenomena which affect
the performance of inertia wmechanisrs and therefore shift or
distort the sensitivity curve. One factor which makes dir-
ficult any attempt to employ a single gensitivity curve or
narxrow band for all service conditions is the shape of the
accelerction-time pulse. That is, a square pulse, a half-
sine pulse., and a triangular pulse (See Pigure 11 for plots
of these pulses) will all produce sensitivity curves dif-
erent in some regions, even though the veloecity changes and
average accelerations are identical. This problem repre-
sents an inherent difficulty in the accurate but general
presencation and applilication of inertla sensitivity data
and is considered in detaill later in this report.

APPLICABILITY OF THE THEORY

5. Theoretical prediction has an important role in design
and development worlk. It should not be used a3 a substlitute
for laboratory evaluation, as is sometimes done by those
theoretically inclined; nor should it be ignored in favor of
the bdbulld-it and test-it method. Some happy balance of
theory and empiricism should result in an efficient develop-
ment process. In such a comrbined process, theory should
have the followlng purposesg:

a. Provide a general background of knowledge on wihlich
to draw for proper gqualitative design and for proper inter-
pretation of results. Theoretical experience must supslenent
practical experience in order to appreclate fully the
significance of the actual results.

b. Considerehly improve the closeness of performance
with design specifications on the filiest attempt at design.
Blind selection of the firat model of a mechanlem ia
most inefficlient.

¢. Shorten the development proceas by predicting tha
effectes of changes, rather than creeding up on the despired
result with amall changes.

d. In the processg of making comjarison between theory
and performance, and while making th? subseguent sezrch for
sources of discrepanrcy, it is not unuaval to discover rare
"buzs" which may plague the mechanism, or even to come upon
novel design ideas. An example of thizs was afforded recently,
»hen a laborztory test produced a senaitivity curve such as
Figure *:
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YELOCITY CHANGE

EXPECTED CURVE

AVERAGEZ  ACCELERATION

Figurs ¥
. An Unusual Sensitivity Curve

After some speculation and further test, it was found that
air was being trapped under the movinﬁ mass, which acted as
an extra spring; the "spring constant” being a function of
the velocity of the mass and how fast the air could leak
past the masa. Although undesirable in this design, the
uwnusual principlc showed promise in otheir applications.

6. Some factors which make theoretical predictions of
sensitivity curves difficult, but which do not render labora-
tory-determined senaitivity curves invalid, are as follows:

a. Some aystemns require a certain amount of kinetilec
energy at the end of their tiravel in order to perform their
function. In contrast to an electrical switch which must
merely make contact, many practical devices must perform
mechanical work other than moving thelr prescribed distance
against spring force. Some mechanisns are required to move
mechanicel parts such as detents or cams, while some firing
switches nust penetrate the surface of an explosive with
sufficient energy to initiate detonation. In the latter case

3 1t is generali~ found that mere penetration of an explosive
does not necessarily cause detonatior, and that a minimum
striking velocity is needed.

e

-
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b. Many avstems are more complex than the eingle
mass-spring sysiem. Flgzure % shows acme simple cantlliever
configurations which may represent many degress of i'resdom.
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Pigure §
Degrees of Fresdom 2f Cantilever Syscems

For example, conside:r the distridbuted-mass system (Figure Se)
which has an infinite number of natural perlods. In this
cage, many of the higher modes of vidbraticr may be excliited
by an input pulee and the resulting mo%icn 18 fav mcre
complex and difficul? %o analyze than that of the singlie
masg-spring system. Compare, in Figarce & the noticns of
the tip of a uniform cantilever beaw {relztive 4o the
built-in end) ‘Figurc 6c¢) with tShome of 3 mags-gpring systen
(Pigure %2) . both responding to an excitation consiztirg of
zn impulsive uprard velocity of the bhaese or fixed end:

o
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Figure ©
Comparison of Motions of Mass-Spring System and
Distributed-Mass System

The mase-spring system respends with simple harmonic motion;
whereas the vniform cantilever ¢ip remaing motionless until
the disturvance traverses the length of the cantilever,
begins to mcve in a directicn opposite to that of the motion
of the base zand finally executes a vibration whlecnh contains
its higher modes. Apparently, an anelysis of the lrertia
sengitivity of the uniformn cantilever would be rather 4iffi-
cult and lavorlous. However, under certain conditions of
loading®*, the cantilever will respond approximately as a
single-degrec-of -freedom system, and the results of a maass-
spring analysis will be directly applicable.

#Reference (b) sugeests the fellowing restrictions:

(1) The duration of impact exceeds 0.1 or more of the
fundamental period.

(2) The impact load iz disteributed over the structure
feirly unifermly.

(3) The fundarenta)l wmode of the structure is uncoupled
with the higher wmcdes; in other worda the momentary deflec-
tion profile of the structure in its extreme position agrees
with 1te ovrofile under mwtatic load.

7
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¢. There are miscellanecus divergences from the ideal
mass-spring system which influence the behavior of the
inertia device. Effezts such as non-linearity of the
"spring,” preset of the spring, friction, damping, restric-
tion of motion to only one direction from the neutral posi-
tion, etc. may he of considerable importance in altering
the shape of the sensitivity curve.

d. Some devices, such as the Magnetic Impulse Generator
(an electro-mechanical transduczer), have force-deflection
characteristics in no way similar to the mase-spring system
and their sensitivity curves may not resemvle Figure 2 too
closely. Unless it 1is found by experience that the per-
formance does permit deducticns and extrapolations valla
for the sensitivity curves of mass-spring systems such
unusual devices are better evaluated on a wholly experi-
mental basis (sensitivity curve applied only to field condi-
tions very similar to the laboratory conditions).

T. It must be emphasized at this point that only when abso-
lutely necegsary should quantitative theoretical predictions
be used in lieu of actual performance data. The above
sources of discrepsncy, and posslbly many others, indicate
that any calculated sensitivity curve should be checked in
the laboratory or in the field. How closely the theoretical
sensitivity curve conforms to test results willi depend on the
skiil of the personnzel, but there is a2lways the "bug" in the
system which is not forseen by even the experienced calcu-
lator. Howeveirr, the qualitative theoretical conclusions will
be valid. That 18, the general shape of the curve will be
correct. And the general conclusions as .o the action of

the device in responae to ghocks of short or long duration
will also be valid.

8. In view of the importance of thescetical considerat:ione,
much of the remsinder of this report is concerned with per-
formance of the mass-spring system. The detailed mathe-
matical enalyses which provide the basis for the following
discussions have been relegated to the Appendix. The Apperndix
also contzina useful information on characteristic delay

timez (time between actuating pulse and switeh closure) and

on simple design relationships.

DETERMINATION OF A THEORETICAL SENSITIVITY CURVE

S. In order to avoid belng confused by a maze of mathemati-

cal formulae. 1% appears profitabie %o discuss gqualitatively the
response of a masg-spring system to a pulse of simple shape.
After an understanding of the rhysical problem has been
attained, the mathemntical details may be exzamined by

reference to the Appendlx.

8
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10. Consilder (Pigure 7) the free end of the epring of a
mags-apring system sudbjected to a rectangular acceleration
pulse:
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Figure 7T
Mags-Spring System SubJected to Rectangular Pulse

The mass does ncet fellow the foreing functlion becauvge of
the flexibilility of the spring, but exscutes a vibration
such as Figure 8.
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Pigure 8
Responne of Masa-Spring Syatesm to Rectangular Pulse

The peak deflection attained by the mass 18 different from
the deflection which vcould have been achieved by very
slowly applying the maxiwmum value of acceleration of the
rectangular pulse. The ratio of maximum dynamlc deflection
to maximum static defleciion (See Egration 10b) ip termed
the amplificzation facior.
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11. Had the ratio of pulse cduration ¥o natural period of
the mase-spring system been different, the amplification
factor would have been different. A plot (Figure 9) of
amplification factors for a mass-spring system subjected
to rectangular pulses shows (reference (by) this
dependence on duration.

N
'

FaerTox

AMPLIFICATION

5 i i
(o] i 2 +
RATIO OF DURATIGN TO NATURAL. PERIOD , =

".F"

FPigure 9
Amplification Factors for Mass-Spring System
Svbjected to Rectangular Pulsges

12. Since the nasg mvat move a fixed distance, and a

fixed deflection is equivalent to a fixed acceleration

(the peak response in Figure 8) the higher the amplifica-
tion factor the lower the required applied acceleration.
For a rectangular pulse, the azmplification factor increases
as duration increages gsoon becoming constant. With regard
to velocity change. which is egual to average acceleratlon
times duration. it would appear that longer duration (higher
than 0.5 on Figure C) signifies greater velocity change.

A graphlcal oresentation of these statements 13 the inertia
gengitivity curve of Plgure 10.
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Pigure 10
Inertia Sensitivity Curve for Mass-Spring System
Subjected o Rectangular Pulses

13. Exception could be taken to the choice of coordinates

of Figure 10, =zince the basic paramsters are acceleration

and duration. However, the use of veloelty change is found
to be more practical, since it leads to a currve which quickly
approaches %Lwo asympiotes. (The word asymptote is used loosely
nere, since for soxe shape pulses the curve crosses the
"asymptote." and the rectangular pulse curve actually reaches
its "asymptote.") Veloecity change is alao an index of the
kinetilc energy required for actuation. The reagon for the
choice of average accelevation Lnstead of peak acceleration,
aside from tne fact that duration may be readily determined
as velocity change dlvided by average acceleration, is that
nost service pulses have high freguency "hash" superimposed
on the main pulse. The high acceleration spikes assoclated
with the hash have little effeet on the inertia nechanism,
and a plot of peak acceleration would produce very erratic
and unreliable sensitivity curves.

Interpretation of z Sensitivity Curve

14 . PFigure 10 represents the inertia sensitivity of a mass-
spring seystem to any pulge of rectangular shape. In general,
for a given velccity changz, it predicts the minimum asccelera-
tion necessary to actuate the mechanisgm. Also, for a given
acceleration it predicts the mininum velcclty change necessary
to actuate the mechanism.

P
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15. Other conclusions may be drawn from this curve due

to the presence of the asymptotes (which alsc exist for
other pulse shapes). Take, for example, the left hand
portion of the curve. In this region of relatively long
pulse durations, the velocity change or duration may
increase considerably withcut apprecizbly changing the
accelexration. The value of this fact may be 1llustrated
by the example of the designer of an inertia mechanism
which must be actuated by a catapult which attains a peak
acceleration of 10 gravitational units. If he designs the
mechanism with too long a natural period, the eatapult
pulse will effectively act as an impulsive velocity changge,
and the operation of the mechanism will depend on the
velocity delivered by the catapult. However, by examination
of the 1inertia sensitivity curve, he may note that so long
as the natural period of the rechanism is about 1/2 or less
of the duration of tThe catapult pulse, the mechanism opera-
tion 18 virtually independent of veloclty. Thus, as long as
he keeps that restricticn on natural pericd in mind, he may
design the mechanigm solely on the bazsis of static deflec-
tion under 10 mravitaticnal unitis.

16. Similar considerations spply to the righ% hand portion .
of Figure 10. 1In this region, as long as the duration of the

pulse is about 1/3 or less of the natural periocd, the velocity
change remains relatively constant. Therefore, a designer -
who is dealing with short durations (relative, of course, to

the natural pericd of the mechanism) has nerely to stay below

a certaln duration in order to achleve a constant result.

Within this region, the peak acceleration may be unknown or

highly variable without affecting th2 result.

17. The above remarlks on agymptotes apply to any sensitivity
curve. The guantitative results, however, are dilferent for
different pulse shapes. That is. th2 asymptotez exist but
are parallel. (See Figure 11). In the following sections

a comparison ¥ill be nade of ssnsitivity curves for several
types of pulses, in an atteapt to reach some quantitative
conclusions vhich may apply to a large number of cases.

EFFECT OF PULSE SHAPE ON THEORETICAL SENSITIVITY CURVES

18. Figure 11 prese2nts sensitivity curves for a mags-spring
system subjected to pulses of variousn shapes. For purposes of
comparisgon, the sensitivity curve for the rectangular pulse
is repeated on each plot as a dashed curve. Figure 11(fr)

is composed of 2all the gensitivily curves plotted together.

12
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(See Appeudix £8r Definition of Symbols)
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19. It would be extremely advantageous to be able to
employ a single curve, or narrow band, which would be
reasonably accurate in many applications. Unfortunately,
Figure 11{f) reveals that the low acceleration asymptotes
are gpread over a range of about 2.5 to 1. The variation
for the single pulses shown (systems which can move in
elther direction from the neutral position show behavior
less desirable than Figure 11 when subjected to multiple
pulses--see reference {d)) is from w/2 for the triangle
with very short build-up time to ¥ for the half-sine pulse.
Since either of these pulses 1s likely to be encountered in
practice, 1t appears that the use of a single sensitivity
curve would be subject to errors up to about 125% maximum
elther way.

20. On th2 brighter side of the picture, Figure 1l shows
that the high acceleration (short duraticn) asymptote
exhibits nesgligible dependence upon pulse shape. This means
that any snock of duration shorter than 1/3 or 1/4 of the
natural period, regardless of pulse shape, will require the
same veloclty change, oir energy, to actuate the inertia
mechanisn.

21. Without going into the questions of which pulse shapes
are produc2d in the laboratory and which pulse shapes may be
expected 1n the field, the following gemeral conclusions may
be drawn:

a. The low-acceleration asymptote depends a good deal
on pulse shape, and is therefore unreliable for genersl
quantitative use. Unless the use of the sensitivity curve
18 narrowly restricted as to pulse shane, this asymptote is
useful only for order-of-magnitude.

b. The high-acceleration asymptote is guite independent
of pulse shape and therefore very reliable.

LABORATORY DETERMINATION OF INERTIA SENSITIVITY

22. The obvious answer to the problem of pukse shape is a
laboratory-determined sensitivity curve for each pulse shape
likely to be encountered by the 1inertia device. This, how-
ever, would lead to large expense, botih in testing time and

in equipment. The practical approach 1s to use the best
equipment availavle and make the best attempt at interpretation.

23. Pigure 12 gives a general picture of the equipment in
current use at the Naval Ordnance Laboratcry. The full prac-
tical ranges of duration, acceleration and velocity change are
covered oy this equipment, with some variation in pulse shape.
See reference (J).

iy
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Peak jVelocity
Accelerations, Duration, Change, Pulse
Equipment '3 Milliseconds | ft/sec - Shape
Drop Testers N
 “Steel |00 - 25.000 | .o%0 - Moo | 0.~ 0. |/ \
Drop Testers
Lead Pads | 10 - 1000 40 - 20 0-60 | ~~\
Sine  wave
Tester 20 _- 200 3 -6 0 - 10 . 4//\\;_
Square Wave
“Tester 0_-_60 5_- 50 o-25__| [
Alr Guns 5 - 100,000 1 - 200 0 - 1000 | N\
Rotary
Accelerator|{ 10 - 650 Long. - /
Centrifuges 0 - 30,000 Long -
Filgure 12
Ingrtia Sensitivity Equipment at the
Naval Ordénance Laboratory
24 . The general procedurc in testing a specific mechanisn
is first to make a rough estimate of the natural frequency
of the device and the minimum velocity change to effect

actuation. At thiz stage one may celect the test egquiprent
which will be used. For example, if an lnertia mechanlsm

has a natural period of 30 milliseconds and a minimwun velocity
change of 5 ft/sec (see Appendix E), then any equipment with

a duraticn cf lezs than about 10 milliseccnds would give test
points out on %he high-acceleration asymptote (see Figure 10).
Therefore, the egquipment €0 be chcsen from Figure 12 would be
drop testers for the high-accelerzition region, the Square-
Wave Tester for the bend of the sensitivity curve, and the
centrifuge for the low-acceleration asymptote.®

25. Proper mounting of the tezt specimen is most important

for the szenslitlivity curve to have any significance. Whenever
possible, the device should be mownted exactly as in the
service application. In Chiz way, the only sinmulation involved
is in the input acceleration pulse. Unfortunately, however,
many of the service vehicles carrying inertiz Qevices are
physically too large to dbe sccommodated in the testing
machines, and the questiocn arises as to the effect of inter-
posing a substitute elastlc system between the source of shock
and the componsnt to be tested. This pronlem of transmission
of shock thirrough complex structures has not yet a2ttained the '
stature of 2 science, due to the dearth of information on

even the more simple mechanical syatens regponding to transients.

wSe€ Appendix U, page 26, for discussion of presentation
of centrifuge data

1€
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At some {uture date, when the literature contains the solu-
tiona of a sulficlient number of classlcal problems, it may
be practical to design an elagtiec mount equivalent to the
actuval mounting atructure.

26. In pome cases. after it has been determined that the
actual mounting astructure is %00 largsz, it is possiblz to
select 2n intermediate mounting structure which "sees” the
input puise (in service) and is of sultable size. This
method, ol coursze. dependas entirely on the judgment of Lthe
individual who decidea on the relative rigidities of the
structural members.

27. A simple, and also determinate, inethod of testing
inertia devices iz to use a relavively rigid mount which
faithfully transmits the input (test) pulse. In this wey,
whenever t“he entire gervice mount or asore intermedlate
mount ecannot be tested ag a unii, the performance of the
mechanisn on a determinate mount ia asecertained. Although
application of this informaticn to the service mountling
condition may be difficult, the procedure iz much more aatis-
factory than making inceterminate attempts ot simulation

of mounting. It may be obgerved that tiie uvgual ordnence
application of inertia switches corresponds to the rigld
mount {sw’tch frequency considerably Lower than structure
frequency. , and that many of the cases which dc not fit in
this category are of a size suliable for fulle-scale tertling
of the entilre weapon.

28, After the machines have beenh seluected and the specimen
nmounted, testing for senslitivity 1s done by firding the mini-
mum veloc ity change for actuation of the deviece. For example,
on the drop tester the method is to £ind the helight cf drop
Just surficient for cperation The sensitivlty leveis for
various pulse durationz are defermined z2nd the inertia sernsl-
tivity curve plotted. The vrocedure .8 repeated fox repre-
gentative oblique orientaticns cf impact. When the inertia
device Tires zn explosive element direetly o» for scime other
reagon can only be tested once and at a pre-detexmined 1lnput
level, a statismtical approach 1is easential for efrfieclent,
gconomical tezting. ‘‘he Bruceton ané Probit methods of
approach to the analysis of go-no go data of thie type are
explained in referenze (1).

PRESENTATION COF LABORLTOWY SENSITIVITY DATA

29. Laboratory teste producz an inertis gensitivily curve
composeé cf points representing severzl pulsa shapes. Unless
each point accidentally coincides with the field application
as regards nulse shape, it would appesr that the sensitivity
curve may not be very useful. It must he recalled, howsevar,
that the v igh -acc2leration asymptote shows negilgible
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dependence on pulse shape. which makes part of the curve
qulte reliabdle.

30. There are two approaches to the problem of the lack

of relisbility of the low-acceleration region of the curve.
The generally accepted practice is to present the data

"as is," based on the reasoning that the test machines yleld
results midway between the possible spread of values, and
also based on the lack of accurate knowledge of field
conditions. This approach realistically does not try to
produce information on a level higher than the purpose for
which it 18 intended. Data in. the low-acceleration region are
unreliable for close calculation, and should be regarded

as such.

31. In the rare instances which warrant accurate simulation,
based on precise information on field shocks, it is possible
to get better answers by adjusting the sensitivity data. For
example consider a set of data obtalned with laboratory
equipment which gave the shape pulse and duration as indi-
cated in Figure 13.

S

g |

E .- HMEAR BLILD-UP

U T

;

g \ _ RECTANGLE ! HALF- SINE
g S » —

e . il

e B e i I

¥

AVERAGE ACCELERATION

Figure 13
Sencgitivity Curve Obtained with Typical
Laboratory Ecuipment
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This curve 1s valid only for the pulse shapes indicated,
except in the high-acceleration region where all pulse
shapes yield almost identical results. Now let uwa say that
the mechanliam tested above 1s to be used in an application
which calls for a half-sine pulse in place of the linear
build-up, a symmetrical triangle instead of the rectangle,
and rectangles instead of the half-sinea. A rule of thumb
approximation of the answer 1s to apply the theoretical values
of acceleration (for each portion of tne curve) to the test
data of Figure 13. Take, for illustration, the point which
was obtained with a linear bulild-up and which must be pre-
gented as a half-sine pulse. If the data were found as 12
gravitational units. the approximate point would be 12 i =
15.35 zeavitational unitg, based on the theoretical :
valiue of 4 for the half sine and r for the linear build-up
(See Figure 11). Using this approximate method, the desired
sensitivity curve would be presented as the soliid curve

of Figure 14.

I ADJUSTED CVURVE
o
z 0@
< |
P
J ]
|
b i
. \
< . -TEST DATA
3 9 A-’/
wi -
> EY e snlbssnsansn _

AVERAGE ACCELERAETION

Figure 1%
Adjustment of Sensitivity Data
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PRACTICAL USE OF A SENSITIVITY CURVE

32. There are powerful reasons for not depending too closely
on inertia sengitivity curves in the low-acceleration region.
One of these sources of difficulty lies in the statlcciecal
nature of the physical problem. For example, if one con-
a2iders the shock on entry into water, the important fzetor of
water surface configuration leads to statistical variability
of results. If it is a target impact problem, the target
structure and exact location of impact are rarely well defined.
In problems of this type, any carefully reasoned estimate
should be presented with a probable spread of values.

33. Another source of error is the lack cof enough zood field
or service information. Gathering data in the field is an
extremely expensive and time-consuming task, considering the
instrumentation involved in measurling accelerations. For this
reason, f{ew measurements are made on any given field vehilcle
in a given service application. One or “wo measurements
appllied to a2 statistical problem do not lead to an answer
which can be regarded with a good deal of confidence.

34. The designer's answer %to the sources of error mentioned
above is {0 make provisions for gatisfactory operation of the
mechanism over a wide spread of sz2rvice conditions. The
mechanisn must be quite flexible in its range of operation,
with variability of field conditions and errors in fleld
measurements adding up to some #50%. This approach of recog-
nizing, and meeting, the Airfficult design specifications is
far superior to that of attempting to predict the probability
of operation of a mecharimii which operates scmewhere within
the spread of service conditions. An added advantage is the
likelihood that a design which can cope with the spread of
service requirements will also be adeguate for the spread of
the low-acceleration asymptotes dus to the varistion in

pulse shapes. :

35. Uposn consideration of the variability of field conditions,
and the unreliability of typical field data, 1¢ becomes
apparent that the laboratcry sensitivity data are pirobebly

the most carefully contirolled and rellable componenisof the
overall problem. It is therefore concluded¢ that use of an
"average" sensitivity curve (the ilaboratory test data) in the
low-acceleration range is justified until such time as exten-
sive and reliable field data are obtained (on each problem)

to lead to solutions in terms of statistical sprreads.
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APPENDIX A - RESPONSE OF THE MASS-SPRING SYSTEM

The following nomencleture is used throughout the analysis:

K - Spring constant

L - Free length of spring
M - Mass

t Time

t; - Duration of pulee

- Time at maximum amplitude of response

m
- Natural period = Zﬂjgf
Vo - Impulsive veloclty required to produce Xg
AV - Velccity change of the applied acceleratiorn-time pulse
X - Deflecticn of mass on the spring .
Xo - Specified ¢travel of mass, measured {rcw initial position
Xy - Maximum deflectilon
Xp - Present deflecticn of mess, measured from the neuvtral
position
y - Deilection of free end of spring fi-om a fized reference
axis

Y - Peak wvalue of applied acceleraticn
ol = Dummy variable of integration

@ - Fulse shape factor equal to averege accz2leration divided
by peak acceleration

s - Natural circualar frequency =\’_

b o




NAVORD Report 3577

Figure 15 shows the positicn of the mass-spring system
relative to some fixed reference aystem:

4=y e l-x Ao

p —————

Z VAVAVAVAVAVEY

Pigure 15
The Mass-Spring Systen

An analysis similar to that of relerence (b) is Followed:

ML (geLox) - ke =0
MX+kx = My

X 2 "'
X+WX=y )
Multiplying by simnt:
')2 Sia (ﬁt 4 WX S04 w‘t’ 22 \é S0 U?;t
P A
}.‘CQ( D'nwt) dr(ch{bJ) = \36 el

Integrating

y 1 3 ( dz W 4
X v BT —OX cosdl )o"c‘\i‘:ﬁ wo 8¢ (2)

21
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Where « iz a dummy variable of integration. Multiplying
Equation (1) by coswt:

X cos et + W% cosedl = Y cosenl
g,((x%mﬂ * %(wxﬁ'%wﬂ = fconcdl

t
Integratirg: R cosws] + WX sl = g %&;coswo(ciak {3)

The above integraticns assume the boundary conditions of zero
displacement and zero velosity at zero time. Eliminating
terms in ¥ from Equa’ciongc (2) &nd (3):

)

t
WX = %in %) ( é—'@ meudok "‘Cosw*{ Ei:‘d S (u.<&c
Jo do* o du

e
{1 18
wx = \ é'L‘i,_sfnw('tvon)A&
T
i 2 ..L A’ b :
Dimensionlessly: 91'2‘."':' = g ( i ﬁ)ﬁ“(wT"ud)A" (%)
¢ °

The procedure for determining the amplification factor is to

substitute %— di:na as a function of ¢ {s8hape of the input
" Ol
pulse) into Equation (&), solve for the maximum value of 3”%‘ s
then: "
k WY
Amplification factor - 3™ _ — (5)
M t&».'. %*‘

APPENDIX B - THE RECTANGULAR PULSE
For the rectanguliar pulse (Figure 10)
t=o 3/ Y =0
ot et Wiy =
T @{ga =0

22
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Substituting into Equation (%) for the period 0¥t =t

. t e i
..U;’:b. = W g s -u(w't -u.v.)d = Co s(w't‘-wo() s |-coswl
"Am (>3 (-]

To find the maximum, differentiate and equate to zero:

s i, =0 — wty = aﬁt}"} - oO,waw, ... ...

alst
it
o

L
. S L

.

\oy ‘_Y
'

A
ny

e

=L
2.

~

Amplification factor = 1-(-1) = &

For the period t% 1,
1. t
w('.‘.,;& = @ ( S (wt - us)ded UOST 0
W

°

%, .
Cos (w.l'udol)‘ e cosfwt-wl)) - cosct

S U.ﬁ RN LLS‘. - (05 UJT (‘ -Lo4 GJT:)
Differentiating for the maximum:

':wavrm 6;\4‘,&‘ + ﬁvameQ'CO‘3(L;tl) = 0

5“ w‘t > -t
104\ LDTM = - :-‘ z = Ciw ("?".;‘L
C%w‘t‘- =

% 1, it
< S e B g S
ailw = o = " Al s
'g:_,,,_ I S R
T 4+ . 2
{ 't » v & '1'
ow - T L L L= LT ¥
\ l “0" AC; 2> l ) 'r o e

(6)

(7)

(8)
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Amplification factor = swaw(F+i },&)‘s.‘. .xw%;_ - cosan (A% IT‘-X\-COS .\w';x_)

e - \ ol 1
COOW-TJ_-_ 5w JTY¥ + Sin W%(I-Co&ﬂ?)

S'v (AWT.* - %‘_—) + Sl %

x5 I_'l,-

(9)

Figure 9 is a plot of Equation (9) for TI—‘; % -+ and Equation

1T >
(7) tor ’;"—‘ g "i . Figure 11 shows amplification factor curves
for several pulge shapes other than the rectangular pulse.

APFENDIX C - SENSITIVITY CURVES FOR THE MASS-SPRING SYSTEM

In order to express inertia sensitivity parameters in
dimensionless form, the quantity V, 1s introduced. This is
the velocity of the mass as it passes through the neutral
position (zero spring deflection) sufficient to produce X,,
which is the specified travel of the mechanism. Equating
potential and kinetic energy (no preset):

P
) kaxdx s L uy"

v, = |5 X

U, = wX.
o (10a)

k
The steady acceleration neecded to produce Xg a-'éq Suty @y
: 5 (10b)

. _ Bteady accseleration _ Vgo
Peak applied acceleration = Amplification Factor Tnp Fastos

24
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LY

Average applled acceleration :é; peak zcceleration)

Pulge shape - g8
\
rectanglie - 1
triangle - 1,/2
half-gine - 2
w
Average acceleration = e
= - P Pvap, Fadler

dimensionlessly, #Average Acceleratlon - 20 = {(13)
Vo/ T App . Faetor

Velocity change AV - average acceleratlon x €3

dimensionlessly, AV e @ Y £1)
SR Vo \Amp_Factor,é'Tl) (12)

By selecting values of ampliffication factor from Figure
11, the sensitivity plcits of AV versus Average Acceleration
Vo,/T

ol

(also Figure 11) were easlly calculated.
At emall values of ty /T, é%_ approaches 1, or Lwp. Factor

3 Ev?fg that is, the initial s?ope ot the Amp. Factor vergus
4

£1/T eurve = 2wﬁ . Congeguently, Average Accelevation/vgg T

T t1

At large values of t3/T, as iIndicated on Figure 11

Average Accel.

Shape Amplificaiion Factor Vo/T
i 2 .
£ 1 3
VoS 1 ]
N 2 7/2
< - 1 T

Centrifugs 1 2w
ot
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Note that half the centrifuge value of 27 would fall
within the crosshatched region of Figure 11{f), ané there-
fore one-half of the indicated centrifuge reading is used
on laboratory sensitivity curves. This is in line with
the policy of using an "average" sensitivity curve to repre-
sent most service conditions wlith an accuracy warranted by
such applications. One could perhaps reason that the centri-
fuge test consists of a gradual build-up of acceleration with
maximum deflection of the test jitem occurring at the instant
of reaching peak applied acceleration, and therefore the
average applied acceleration is half the peek. This analysis
would be appropriate, however, only for a linear build-up, and
it may be better to rely on the mathematical results which
Indicate the use of half the centrifuge reading.

APPENDIX D - CHARACTERISTIC DELAY TIMES

Pigure 16 is a plot of time to reach maximum deflection
(characteristic delay time) versus pulse duration(tm v ti)
Some general concluslons may be drawn: L T 7.

(1) 2 short-curaticn pulse causes actuation in 1/4
period. This 1s evident when one considers that the response
to an impulse 1is a free vibration at the natural period, and
that the first peak in a free vibration occurs at l/h period.

(2) For long-duration pulses with finite build-up times
(or, more precisely, for large ratios of build-up time to
natural period) the maximum deflection 1s reached at about
the same time as the peak acceleration of the applied pulse.
This may be checked by noting {Figure 16) that values of

tm/ty = (%m/;l)at large ratios of T1 ()1) agree roughly with
™
the ratic of build-up time to pulse duration. This statement

is equivalent to saying that the mass-spring system of short
natural period follows the input pulse closely.

(3) For long-duration pulses with instantaneous build-up

(a2 stop function, which can be zpproximated in the laboratory
and in service) the peak deflection is attained in 1/2 period.

26
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Figure 16
Characteristic Delay Times

27
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The discontinuities in the curves of Figure 16 indi-
cate the points at which the first positive motion of the
mase is no longer the maximum deflection. This raises the
question of applicability of these theoretical sensitivity
curves (obtained for a mass-spring system which could
operate in either direction from the neutral position) to
one-directional mass-spring systems. In response to multiple
pulses, such as a full sine wave (reference (d)) or = blast
pulse (reference (L)), the negative motion ma¥ exceed the
positive. Therefore, the one-directional system is less
sensitive than the two-directional system. For single posi-
tive pulses. however, the mass may reverse direction after
the first positive peak, but it reaches ite maximum peak
before passing through neutral, and both types of system will
have identical sensitivities.

APPENDIX E - SOME SIMPLE DESIGN RELATIONSHIPS

The designer who must estimate a mensitivity curve has
some simple formulae at his disposal. For the high-acceleration
asymptote, the velocity change 1s close to the V, of Equation
(10). Rewriting Equation (10a) to include the effect of
preset of the spring (xp):

> Xe
Vo WXo \f 1+ 2. X (13)

Since the total deflection at the point of maximum travel is
equal to Xp + X,, the peak acceleration applied by centrifuge =

5‘%!?) = w"Q(r + Xo)‘

Us%ng the "average" acceleration of half the centrifuge
value:

Average acceleration = 1/202(Xp + Xo) {14)

Pigure 17 uses Equationa (3) and (%) in estimating the
seneitivity curve.

"E’é-‘(ﬁ?"

o

VELOC ' TY
CHANGE

§.(15)

AVERAGE ACCELERATION

Figure 17
An Egtimated Sensitivity Curve

28




NAVORD Report 3577

An exanple of the accuracy of these simple equations,
when applied to a simple determinate system, is the follow-
ing comparison of test results and theory ror a small cantile-
ver beam used as a switch:
centrifuge setting of switch = #79Cg

meaeuremencs{natural frequency - measured on vibrator = 2085 cps

Using Equation (10): Vg = ggg;glg%ggéﬁgg:;on = {4790)(32.2)

= 11.78 fps

The measured value of Vg, using a 50 microsecond input pulse,
was 11.35 fps.

The basic design parameters (Figure 17) are velocity
change average acceleration, naiural frequency, preset of
the spring. and travel distance. Since, in general, the
restrictions on more than one or two of theae quantities are
not too severe, the designer has considerable latitude in
nig design. It is because of this freedom of design that it
is possiblec to overcome the liab:ility of the expected spread
in operating conditions which usually nccurs in service
applications of inertia devices.

29




NAVORD Report 3577

DISTRIRUTION

Commanding Officer, Frankford Arsenal, Box 7989,
Philadelphia, Pennsylvanla, Att°nt;on Aleck Goldberg,
Fuze Control Laboratory . 5 WS w & w BT eipr SR e

Chief, Burezu of Ordnance iRe?) L0 o i Eaall e B

Chief, Bureau of Ordnance (Re2b) . . + « ¢ ¢ o o o o« .-

Commanding Officer, Ficatinny Arseral, Dover, N.J. . .

Naticnal Bureau of Standarda, Wash., D.C., Attention

- Mechanical Division, | . ¢ o « ¢ ¢ ¢ ¢ « o o o o o &
National Bureau of Standa?ds, Wash., D.C., Attention
Sam Levy . . . . v s

Commanding Officer, U S Naval Uncerwate” Ordnance

Station, Newport, Rhode Island, Attention F. G. Murphy

Naval Ordnarce Tesgt Station, Invokern, California,
Attention G. D, Burton . . g i
Naval Ordnance Test Station, 3202 E Foo‘chil1 Blvd.,
Pasadena, California, Attention F. Baldwin . . . -
Diamond Ordnance Fuze laboratory, Conn. & Van Ness Sts.
Wa., ¥ush., D.C. . , . ST B deen o We
Sandia Corporation Albuquerque, “New Mexico N e
AttentiOn l3co = JOhn COdY - L] 3 e o o e e e o
Naval Air Material Test Center, Pt Mugu, Californ1a,

Attention R. T. Peterson . . . o Fic
Naval Research Laboratcry, Wash., D C,, ittention

Dr. I. Vigness . . Mofn = o
Devid Tay‘or Mcdel Basin, Carderock Maryland

Attention R. T. McColdrick . . s

Dept. of Defense, Centralizing Acgivity for Shock and
Vibration, Naval Research Laooratory, Attention
D!'- E- Klein » L ] L 3 L] [ ] L ] * L d * - [ ] L] L ] L] L] L ] ® [ ] [ ] o

Copies

N N PHHEN

Lo R I I I R )

N




N

OR

Reproduced by
DOCUMENT SERVICE CENTER
KNOTT BUILDING, DAYTON, 2, OHIO

This document is the property of the United States
Government. It is furnished for the duration of the contract and
shall be returned when no longer required, or upon
recall by ASTIA to the following address:
Armed Services Technical Information Agency, Document Service Center,
Knott Building, Dayton 2, Ohio.

Nimed Services Technical Information Agency

NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA

GOVERNMENT PROCUREMENT OPERATION, THE U. 8. GOVERNMENT THEREBY INCURS
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE
SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLD
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR . PERMISSION
USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THE

ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELAT 2D

ER OR ANY OTH!R
TO MANUFACTI/RE,
RET 0.

- UNCLASSIFIED




