
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD075356

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
and their contractors;
Administrative/Operational Use; 24 NOV 1953.
Other requests shall be referred to Naval
Ordnance Laboratory, White Oak MD 20993.

NOL ltr, 29 Aug 1974



I 

firmed S ervices Technical Information Agency 
Reproduced    by 

DOCUMENT SERVICE CENTER 
KNOTT BUILDING. DAYTON, 2, DHID 

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. 

NOTICE;   WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA 
ÄREUSED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED 
GOVERNMENT PROCUREMENT OPERATION, THE U. S. 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 ERA WINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY 
IMPLICATION OR OTHERWISE AS IN AMY MANNER LICENSING THE HOLDER OR ANY OTHER 
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE, 
USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO. 



1^ 

* - 

•> c • 
'♦ 

I 

NAVORD  REPORT    3577 

EVALUATION OF INERTIA SENSITIVITY 
^*l 

24 NOVEMBER 1953 

U. S. NAVAL ORDNANCE LABORATORY 
WHITE OAK,  MARYLAND 



NAVORD Report 3577 

EVALUATION OP 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 sensitivity are used as a basis for discussion of 
actual devices.    Effects of deviations from the Ideal mass- 
sprlng system are considered.    Practical use of sensitivity 
data Is discussed trlth regard to the reliability of 
laboratory methods,   the accuracy of field measurements and 
variability of service conditions. 

U.   S.   NAVAL ORDNANCE LABORATORY 
White Oak,  Maryland 
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In the course of evaluating the suitability of various 
inert la-actuated ordnance devices from the standpoint ol 
their sensitivity to actuation by field conditions such as 
Isunehlng and target impact, or by undesirable influences 
such as missile maneuvers and counterttiinlng, various aelhcls 
(experimental and theoretical) of testing and analysing ttrt 
performance of these devices hare evolved.  It is the  irr:»ss 
of this report to present these techniques In s unlf1   fcrm 
with the theoretical background necest-ary for their inttlli- 
gent application.  The subject, matter Is intended prlsaxil*' 
as an Information source for those interested lr des' sr nn'1 

evaluation of inertia-operated devicet.  The lnfor«atlct 
contained herein l« the product of mary design and evilta- 
tion tasks; the work of presenting this report having b« er. 
done under Task C6 256 11-5^.  The opinions -and Judgmsr.is 
expressed are those of the Technical Evaluation Dopar^Vtnt. 

EDWARD I.. WOODYARD 
Captain, U3N 
Commander 

■R^AV'.i 
R.   E.   m'OHTOVSR 
By direction 
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EVALUATION OP INERTIA SENSITIYITY 

INTRODUCTION 

1.  The Inertia device oonsldered herein may be any uechanisa 
Mhich Bust; move aotoe distance against a restraining force in 
order to perform its mission. In response to a trar^lent 
forcing function. Tha forcing function is an accelr. ration- 
time pulse acting on a mass and the restraining for^e is 
exerted by some elastic member. A simple example of such a 
device may be an Inertia firing switch for • torpedo, con- 
sisting of a small maas on a spring, Figure 1. 

•."pt!<( CO« TACT 

TAfVVET 

M-,V* 

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 will be valid for more complex Aovlcee ,     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.  In deoorlbl.ne the performance of an Inertia neoiianlsa. 
It !• semetimea deeced adequate to detensine whethev or not 
the device will function properly urder one giver sot of 
opercting conditions.  For the example cited above Figure i. 
a go or no-go teat of the torpedo striking a given sargst 
st a certain angle at a speed of three knots may be conald-arsd 
:;i evaluation of the firing switch.  However, this ype of 
test does not explore the full potertialitieo of MM switch 
in that application -namely, the "quantitative" sentitivity 
or minlEum atriking velocity to fire; nor does It e-iamine the 
performance of the switch under other operating cirouirstanoea . 
auch as ether types of target or other torpedoes.  't 1? a 
peculiarity of ievelopment work that roost devices ' Igl .^lly 
onceived for one specific purpose en^ up being us^ * for* 

various other applications.  For this reason, and also for 
the reason that the designer can raiely define the service 
conditions cloasly, it is highly desirable to know the per 
formance of ehe mechanism under any set of circumstances. 

3.  As to the question of what circi 
the action of an Inertia device  the 
of the device entirely describes the 
basic parametera being the accelerat 
duration.  (Note that the activating 
local acct»1.eretlon time history at t 
device, and that the response of th€ 
the inliial velocity of the weapon, 
differentiate between a sudden chang 
to i^9C ft/sec and one from 10 ft/se 
tlvity curve for a single degree-of 
the mesa spring system of Figure 1) 
acceleration-time pulsea in a given 
be similar to Figure 2. 

mctances could 
acceleration-t 
input pulse, t 

Ion, velocity c 
; pulsa consists 
be hojslng of t 
device is inde 
i.e., the devic 
;e in velocity f 
c to rest.)  7* 
freedom system 
in response to 
direction will 

influence 
Ime history 
he most 
hange, and 
of the 

he Inerlia 
pendent of 
ä cannot 
fem  1500 
e sensl- 
(such aa 
simple 
generally 

I 
a 

c 

1 
FuatTiou 

"/ys LC 
Mfe*iA<*i. AcceupRA.r-OK Of- fmse 

Figure 2 
A Typical Sensitivity Currs 
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This curve makes the prediction that when the velocity change 
and average acceleration of the Input pulse cen combine to 
define a 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, 
i his single curve completely defines the sensitivli. - of the 
ochanism to Irertlal actuation.  The sensitivity eurvt for a 
torpedo firing switch (such as Figure l) would indicate what 
minimum velociules would be required for firing at all angles 
of Impact (indWidual 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).  P'.gure 3 indicates, for one angle of isupact, how 
the properties of the target are typically reflected in the 
sensitivity cur/e for the torpedo firing switch of Figure 1. 

. 

AvEP-\e-e \.c£.Eue.RM-i6H 

Figure 3 
Typ'cal Impacts Located on a Sensitivity Curve 
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4 .  Unfortunately, there are other phenom<ina which affect 
the performance of Inertia uiechanlsiTB and therefore shl.ffc or 
distort the sensitivity curve.  One factor which inalcea dif- 
ficult any attempt to employ a slncle senaltivity curve or 
nmrrcm  band for all service conditions Is the shape of tne 
acceleration-tirae pulse.  That is, a square pulse, a haif- 
slne pulse, and a triangular pulse (See Figure 11 tor  pi^ts 
of these pulses) will all produce sensitivity curveti dlf- 
erent in some regions, even though the velocity changes and 
average accelerations are identical. This problem repre- 
sents an Inherent difficulty in the accurate but general 
presentation and application of Inertia sensitivity data 
and is considered in detail later in this report. 

APPLICABILITY OF THE THEORY 

5-  Theoretical prediction has an important role in desitsn 
and development viork.  It should not be used sia a sub3tr;:ute 
for laboratory evaluation, as is somatimes; done by hho&e 
theoretically Inclined; nor should it be ignored in favor of 
the build-it and tost it method.  SOT.3 happy balance of 
theory and einpiricia?n should result In an efficient develop- 
ment process.  In such a combined process, theory should 
have the following purposes*. 

a. Px'ovlde a general backgroi-nd of knowledge on which 
to draw for proper q^c?litative design snd for proper inter- 
pretation of results. Theoretical experience n-.ust Bupplascnt 
practical experience in order to appreciate fully the 
öignlficance of the actual results. 

b. EkMMidterebly improve the clossnesK of psrfoima^ce 
with design specifications on the float attempt at design. 
Blind selection of tne first model or a irieehaniBm ie 
most Inefficient. 

c. Shorten the development process by prcSictirg the 
effects of changes, rather than crce.)ing up on the teslred 
result with small changes. 

d. In the process of making coRuarlaon betveen theory 
and performance, and while making ths eubtequent secrci for 
sources Of discrepar.jy, it is not un asual to discover rare 
"bugs" which may plague the mechaniarn, or even to come upon 
novel de.'jign ideas. An example of this was afforded recently, 
>,l)en a laboratory test produced a Eenaitlvity curve such as 
Figure ^• 
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9 
z 
■* 

a: 

>■ 

3 
VJ eKfecreo   CURVE 

AVCR,A&9 ACCETLERATiOM 

Figjre * 
An Unusual Sensitivity Curve 

After sorne speculation and further test, it was found that 
air was being trapped under the asoving mass, which acted aa 
an extra spring; the "spring constant being a function of 
the velocity of the macis and how fast the air could leak 
past the aass.  Although undesirable in this design, the 
unusual principle showed promise in other applications. 

6.  Some factors which make theoretical predictions of 
sensitivity curves difficult, but t^hich do not render labora- 
tory determined fconsitivity curves i25valid, are aa follows: 

a.  Some systems require a certain amount of kinetic 
energy at the end of theli» travel in order to perform their 
function.  In contrast to an electrical sv/itch which must 
merely make contact., many practical devices must perform 
mechanical work other than moving their prescribed distance 
against spring force.  Some mechanisms are required to move 
mechanical parts such as detents or cams, while some firing 
switches must penetrate the surface of an explosive with 
sufficient energy to initiate detonation.  In the latter case 
it is generall7  found that mere penetration of an explosive 
does not necessarily cause detonation, and that a minimum 
striking velocity is needed. 

. 
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b.     Many •systcias ars ttcre complex than the elfiß'.e 
ua8a-8pz*lng ays^em.     i^l^ure J| sho^/s  acme siapl« e«ntile<var 
configiiratlons which iaa,? represent rcany degjMei  of rrosdom. 

Co.) t 
v 

SfBtyNfr  j SiMGLE  DKACKK  OF fftVEOOM 

5 
w Tito  t'fc-<:--^S5 CF  ^aF-EDovi 

 I 

.J       D'^TRlftUTED-MA*S  SYSTEM 

Figure g 
DagFttea of Freedom of Cantilever SjBie.as 

For exo-Kiile,   consider the dlsb.-'ibutei-niaaf) 3ya';üiTi (Figure f?o) 
which ha» an infinite number of natural period.!,  Ir this 
case, raany of the higher MDdaa of vibration may be excited 
by an input pulaa an<l the reaultlng notion is far mere 
complex and dlffloult to analyse tha;i that of tba alngla 
mafs-sprLng »yntem.  Coupare, In Flgura 6  tba aotlona of 
the tip of a vmifonn oantllavar beaas (ralatlva to the 
built-in end) 'i'igur-^ Sc) Mtta ^hoae of a r^aaa-Bpring i^ysten 
(Figure ^a) both renponding to an e.ccitation «omsiatirg; of 
an impuluive upward velocity of the base or ffL"«d erd 

6 
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Pigui'e 6 
Compariüon of HotloM of Mass-Spring System 

Distributed-Mass System 
and 

The rcass-spring systen responds vj.ith aimple hanaonic motion; 
whereas the uniform cantilever tip reni^ins motionless until 
the disturbance traverses the length of the cantilever, 
begins to meve In a directicn opposite to that of the motion 
of the base and rinally executes a vibration which contains 
its higher nodes. Apparently, an analysis of the inertia 
sensitivity of tre uniform cantilever would be rather diffi- 
cult and laborious.  Kc^ever, under certain conditions of 
loading*, the cantilever will respond approximately as a 
single-degree-of freedom system, and the results of a mass- 
spring analysis will be c'lx'ectly applicable. 

^♦RefereiCiCe (b) augges^s the following reötrietions: 

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

(2) The impact load is distributed over the structure 
fcirly uniformly. 

(3) The fundamental mode of the structure is uncoupled 
with the higher modes; in other words the momentary deflee - 
tion profile of the structure In its extrem« position agrees 
with its nroflle under static load. 
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c. There are raiscellaneou» divergences from the ideal 
maas spring Bystem which Influence the behavior of  the 
inertia device. Effects 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 be of considerable importance in altering 
the shape of the sensitivity curve. 

d. Some devices, such as the Magnetic Impulse Generator 
(an electro-mechanical transducer), have force-deflection 
characteristics in no way similar to the mass-spring system 
and their sensitivity curves may not resemble Figure 2 too 
closely. Unless it is found by experience that the per- 
foraiance does permit deductions and extrapolations valla 
for the sensitivity curves of laass-spring system^ 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). 

7. It must be emphasized at this point that only when abso- 
lutely necessary should quantitative theoretical predictions 
be used in lieu of actual performance data. The above 
sources of dlscrepsncy, and possibly jnany others, indicate 
that any calculated aencitivity curve should be checked in 
the laboratory or in the field. How closely the theoretical 
sensitivity curve conforms to test rssulte will depend on the 
skill of the personnal, but there is always the "bug" in the 
system ^hich is not forseen by even the e;cperlenced calcu- 
lator. However, the qualitative theoretical conclusions will 
be valid. 'That is, the general shapa of the  curve will be 
correct. And the general conclusions as 3 the action of 
the device in response to shocks of short or long duration 
will also be valid. 

8. In view of the importance of theoretical conslderationSj 
much of the rem&index" of this report is concerned with per- 
formance of the mass-spring system. The detailed mathe- 
matical analyses which provide the basis for the following 
discussions have been relegated to the Appendix. The Appendix 
also contains useful information on oheractarlstic delay 
times (time between actuating pulse and sultch cloaure) and 
on simple design rslationshlps. 

DETERMINATION OF A THEORETICAL SENSITIVITY CURVE 

9. In order to avoid being confused by a maze of matheniati- 
cal formulae it appears profitable to discuss qualitatively the 
response of a mass-Eprlng system to a pulse of sljtjple shape. 
After an understandinp; of the phyalcal problem has been 
attained, the matheKr-.tical details may be examined by 
reference to the Appendix. 

8 
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10♦ Consider' (Figure 7) the free end of the pprlng of a 
ma03--spring system subjected to a rectangular acceleration 
pulse: 

*1 
I   < 

«gjvVkvvvCv^wi 
TiMC 

Figure 7 
Mass-Spring Systea Subjected to Rectangular Pulse 

The mass does not follow the forcing function because of 
the flexibility of the spring, but executes a vibration 
such as Figure 8- 

-t*> HMC 

Figure 8 
Response of Mass Spring Syst~,in to Rectangular Fulae 

The peak- deflection attained by the niaas is different from 
the deflection wiileh ooold have been achieved by very 
■lowly applying the ';.'■ i   value of aooeleratlon of the 
rectangular pule;?..  The ratio of BaxlaMai dynamic deflection 
to maxlmurti static deflection (See Equation 10b) is termed 
the amplification factor. 
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11. Had the ratio of pulse äuratlor: to natural period of 
the masB-spring syetem been different, the amplification 
factor would have been different. A plot (Figure 9) of 
amplification factors for a laass-spring system subjected 
to rectangular pulses shows (reference (bj) this 
dependence on duration. 

it 
o 

I 
0 

< 
t 
i 

z  - 

/ 
/ 

/_ 

i ?. 
RATIO  OP  DURATION  TO  MATORAU PERIOD 11 

T 
• 

Figure 9 
Aaplifioation Factors for Masn-Spring System 

Subjected to Rectangular Pulses 

12 Since the riesc ■ 
fixed deflection is e 
(the peak reaponse in 
tlon factor the lower 
For a rectangular pul 
as duration increaaea 
to velocity change N 
times duration it wo 
than 0.5 on Figure 9) 
A graphical pretsentat 
sensitivifcy curve ol 

list move a fixed distance, and a 
quivalent to a fixed accsieration 
Fig^'e 8)  the higher the ampl if loa- 
the required applied acceleration. 

Re, the amplification factor increases 
soon becoming constant.  With regard 

Ivich is equal to aver-age ace el era tlon 
old appear that longer duration (higher 
3ignif;les greater velocity change. 

ion of these statements 13 the inertia 
Figure 10. 

«0 

l' 
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for Hass-Spring System 
Subjected to Rectangular Pulses 

13. Exception could be taker, to the choice of coordinates 
of Figure 10, since the basic paraESters are acceleration 
and duration.  However, the use of velocity change is found 
to be more practical, since it leads to a curve which quickly 
approaches two asymptotes. (The vrord asymptote is used loosely 
here, since for BOXLQ  shape pvjlses the curve crosses the 
':asyinptote. " and the raotanipalar pulse curve actually reaches 
its "aayraptote.")  Velocity change is also an iadMC of the 
kinetic energy required for actuation.  The reason for the 
choice of average acceleration instead of peak acceleration, 
aside from the fact that duration may be readily determined 
as velocity change divided by average acceleration, is that 
most service pulses have high frequency "hash" superimposed 
on the main pulse.  The high acceleration spikes associated 
with the hash ha\re littJe effect on the inertia E:echanism, 
and a plot of peak accejsration would produce very erratic 
and unreliable sensitivity cui'ves. 

Interpretation of a Sensitivity Curve 

14. Figure 10 represents the inertia senGltivity of a mass- 
spring system to any pulse of rectangular shape.  In general, 
for a given velocity change, it predicts the jninimuTD accelera- 
tion necessary to actuate the r.echaniaiu. Also, for a given 
acceleration it predicte the BlillaMi velocity change necessary 
to actuate the mechanism. 

11 

I 



NAVOR0 Report 5377 

15. Other conclusions nay be drawn from  this curve due 
to the presence of the asymptotes (rhlch also exist for 
other pulse shapes).  Take, fox* example, the left hand 
portion of the curve. In this region of relatively long 
pulse durations, the velocity change or duration «ay 
increase considerably without appreclebly changing the 
acceleration. The value of this fact »nay be Illustrated 
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 catapult 
pulse will effectively act as an impulsive velocity change, 
and the operation of the mechanism «111 depend on the 
velocity deiiversd by the catapult. However, by examination 
of the inertia 5enaitlvlty curve, hs nay note that so long 
as the natural period of the mcchanlsra la about 1/2 oi* less 
of the duration of the catapult pulse, the mechanism opera- 
tion is virtually independent of velocity. Thus, as long as 
he keepa that restrlctlcn on natural period in min' , he may 
design ehe mechnnißra solely on the basis of static define- 
tion under 10 gravitatlcnal units. 

16. Similar conylclerationB apply to the right hand portion 
of Figure 10. In  this region, as long as the duration of the 
pulse is about 1/3 or less of the natnral period, the velocity 
change remains relatively constant. Therefore, a designer 
who is dealing with short durations (relative, of course, to 
the natural period of the mechanism) has merely to stay below 
a certain duration in order to achieve a constant result. 
Within this region, the peak acceleration may be unknown or 
highly variable without affecting th» result. 

17. The above remarks on asyinptotee apply to any sensitivity 
curve. The quantitative results, however, are different for 
different pulce shapec.  That is. th; asymptotes exist but 
are parallel.  (See i?lgure 11).  In the following sections 
a comparison «rill be nade of aensiti/lty curves for several 
types of pulses, in an atteiiipt to reach soieje quantitative 
conclusions which may apply to a lar^e number of cases. 

EFFECT OF PXILSE SJIAPE ON THEORETICAL SENSITIVITY CURVES 

18. Figure 11 pree^nts sansitlvlty <iuivec for a masa-spring 
system subjected to pulses of varlou» shapes. For purposes of 
comparison, the sensitivity curve fo:r the rectangular pulse 
is repeated on each plot as a daahed curve. Figure llt'f) 
is composed of all the sensitiyity cirves plotted together- 

1» 
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(S3e Appeüdix fov Definition of Syiabola) 
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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 ll{f) reveals that the low acceleration asymptotes 
are spread over a range of about 2.5 to 1. The variation 
for the single pulses shown (systems which can move in 
either direction from the neutral position show behavior 
less desirable than Figure 11 when subjected to multiple 
pulses--s3e reference \d)) is from 7r/2 fop the triangle 
with very short build-up time to 4 for 
Since eitnar of these pulses is likely 
practice, it appears that the use of a 
curve would be subject to errors up to 
either «ay. 

the half-sine pulse 
to be encountered in 
single sensitivity 
about 125^ maximum 

20. On tii2 brighter side of the picture. Figure 11 shows 
that the high acceleration (short duration) asymptote 
exhibits negligible dependence upon pulse shape. This means 
that any shock of duration shorter than 1/3 or l/H  of the 
natural pariod, regardless of pulse shape, will require the 
same velocity change, or energy, to actuate the Inertia 
ioechanism. 

21. Without going into the questions of which pulse shapes 
are produced in the laboratory and which pulse shapes may be 
expected in the field, the following general conclusions may 
be drawn; 

a. The low--acceleration asymptote depends a good deal 
on pulse shape., and is therefore unreliable for general 
quantitative use. Unless the use of the sensitivity curve 
is nsrrowl;/ restricted as to pulse sha.ae, this asymptote is 
useful only for order-of-magnitude. 

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

LABORATORY DETERMINATION QP INERTIA SENSITIVITY 

22. The obvious answer to ^he problem of pulse shape is a 
laboratory determined sensitivity curve for each pulse shape 
likely to be encountered by the inertia device. This, how- 
ever, would lead to large expense, both in testing time and 
in equipment.  The practical approach is to use the best 
equipment available and make the best attempt at interpretation. 

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

14 
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i  Equipment 

Peak 
Accelerations, 

g 
Duration, 

Milliseconds 

Velocity 
Change, 
ft/sec 

Pulse 
Shape j 

[Drop Testers. 
Steel 200 - 25,000 

10 - 1000 

. *Alft - _3.0v.-. 

JlO - 20 

_0.-.- 6,0. A i 
iDrop Testers; 

Lead Pads 0-60 
^ [sine1 Väve 

I    Tester 20 - 200 3 - 6 0 > 10 A 
Square^ Wave 
Tester 0 - 60 5-50 0 - 2r> D »Air Guns 5 - 100,000 1   -  200 0 - 10CQ -JS^J 

Kotäry 
i Accelerator 10 - 650 Long_ M »• l 
[Centrifuges 0 - 30,000 Long 

Figure 12 
Insrtia Sensitivity Bqulp—nt B.i 

Naval Qrdnanee Laboratory 
the 

24. The general procs'lurc in testing a opecific mechanißM 
is first to make a rough estimate of the natural frequency 
of the device and the minimum velocity che.ngä to effect 
actuation. At this stage one may select the teat equipment 
which will be used.  For exaraple, if an Inertia mechanism 
has a natural period of 30 milliseconds and a minlaum velocity 
change of 5 ft/sec (see Appendix E), then any equipment with 
a duration of less than about 10 rallliseccnds would give test 
points out on the high-acceleration aaymptote {see Figure 10). 
Therefore, the equipment to be chcscn from Figure 12 would be 
drop testers for the high-acceleration region, the Square- 
Wave Tester for the bend of the sensitivity curve, and the 
centrifuge for the lo^r-acceleration asymptote.* 

25-  Proper mounting of the test specimen is most important 
for the senaitivity curve to have any Bignificance. Whenever 
possible- the device should be mounted exactly as in the 
service application this way, th't only Eimulatlon involved 
is in the input acceleration pulse. Unfortunately, however, 
many of the service vehicles oai'rying inertia devices are 
physically too large to be accommodated In the testing 
machines, and the question arises as to the effect of inter- 
posing a substitute elastic system between the source of shock 
and the componsnt to be tested. This probleu: of transmission 
of shock through complex structtirss has not yet attained the 
stature of a science, due to the dearth of information on 
even the more simple mechanical systems responding to transients 

••■tiee "Appen'i.ix CTJ page 26, for discussion of presentation 
of centrifuge data. 

15 
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At some fjture ciate, vhtn  the literatire contains tb«-. solu- 
tions of a sufficiant number of classical problems, j.t majr 
be practical to design an •lastlo mount equivalent to the' 
actual mounting structure. 

26.  In BOM cases after it haa been deternjined thac the 
actual H!o anting structure is too largs, it is possible to 
select an interiredlate mounting structure which "sees" the 
input puXaa (in service) and is of suitable slse,  Ulla 
method, of course, d-apends entirely o;.i the Juiljuaailt of the 
individual who decider on the ralatlv« rigidities of the 
a true t ui'a 1 members . 

27-    A simple,, and alao deteraLlnate, aathod of testing 
inertia devices la to use a relatival;?- rigid mount which 
faithful.".;/ transmits :he input (test) pulaa.  In thle way, 
whenever ;he entire service aoont or aome interKed.ia+.e 
mount cannot be tested ae a unit, the Performance of the 
mechanima on a dctermirate runint is aücertainec.  AlthougV, 
application of this information to tho eservice aottatlng 
conditlor» iaiaj be difficult, th« procedure la rauob raoi-e aatis- 
factory than making inc ©terminate attempts at siraulation 
of nountlng.  It may ba observed that tha usual ordnance 
application of inertia switches corraaponda to the rigid 
mount (ß^ritch frequency considerably lower thav.' structure 
frequencn',' , and that nany of the caseij which dc not fit in 
this category are of a size suitable for full-scale tasting 
of the entire weapon. 

28, After the isiaohimm have been selaotad and the specimen 
mounted, tasting for «enaitivity la dona by finding the mini■ 
mum velocity change for actuation of the device-  For exatrple', 
on the drop taatar the method la to find the height of drop 
just sufficient for operation  The aenaltlvlty Isvala for 
various pulse durations are determined and the Inertia sensi- 
tivity curve plotted.  The procedure la repeated for repre- 
sentative oblique orientatiorus of lapaet.  When the Inertia 
device fires an explosive alaaant directly or for scs^e othei' 
reaton can only be tested once and at a pre determined Input 
level, a statistical approach is essential for efficient, 
economics! tasting.  Tha Bruceton and Problt methods of 
approach to the analysis of go-no go dsta of thle type are 
explained in reference (i). 

PRESENTATION OP LkßOBATOKX  SBNSlTlVin DATA 

29. Laboratory tests produc?. an inert i- sensitivity curve 
composec of points representing several pulse shapes,  unless 
each polnv accidentally coinc?ie.E Witt ehe field application 
as regardf pulse shape, it would appeer that the sensitivity 
curva may not be very useful.  It must be recalled, however, 
that the 1 igh acceleration aayrptote Fbows negliglM' 
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dependence on pulse shape., which makes part of the curve 
quite reliable. 

30. There are two approaches to the problem of the? lack 
of reliability of the low-acceleration region of the curve. 
The generally accepted practice Is to present the data 
i:as is," based on the reasoning that the test machines yield 
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 is 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 la possible 
to get better answers by adjusting the sensitivity data. Po?" 
example consider a set of data obtained with laboratory 
equipment -which gave the shape pulse and duration as indi- 
cated in Figure 13. 

ui 3 
z 
< 
X 
Ü 

V 
o 
o 
_1 
III 

<t 
urieARl  ßOu.'.>üP 

_/"> 
HALF-Si Kl F. 

AVERAGE ACCEUUV.T'OK 

Figure 13 
Sensitivity Curve Obtflned with Typical 

Laboratory Ecutpment 

17 



NAVORD Report SS?''' 

This curve Is valid only for the puloe shapes indicated, 
except in the high-acceleration region where all pulse 
shapes yield almost identical results.  Now let us say that 
the mechaniain tested above is to be used in an application 
which calls for a half-sine pulse in place of the linear- 
build up, a synu&etrical triangle instead of the rectangle, 
and rectangles instead of the half-sines. A rule of thumb 
approiiraation of the answer is to apply the theoretical values 
of acceleration (for each portion of the curve) to the test 
data of Figure 13.  Take, for illustration, the point which 
was obtained with a linear build-up and which must be pre- 
sented aa a half-sine pulse.  If the data were found as 12 
gravitational units, the approximate point would be 12 J « 
i9*3 cT^avitational units, based on the theoretical    '*■ 
value of k  for the half sine and v for the linear buila-up 
(See Figure 11).  Using this approximte method, the desired 
sensitivity curve would be presented aa the solid curve 
of Figure 14. 

It 

< 
C 
J 

0 

ADJUSTED  CORVE 

AvERAG-E     ACCCUCRATlON 

Figure  Ik 
A'ljuatment of  SerBitivvty Data 
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PRACTICAL USE OP A SENSITIVITY CURVE 

32. There are powerful reaaons for  not depending too closely 
on Inertia sensitivity curves In the low acceleration region. 
One of these sources of difficulty lien In the Btatlcclcal 
nature of the physical problem. For example, if ora oon- 
tJlders the shook on entry into water, the important :'< ctor 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 of enough good field 
or service in f or ma t ion.  Gathering data in the fiele! is an 
extremely expensive and time-consuming task, considering the 
Instrumentation involved in measuring accelerations. For this 
reason, few nieasurements are made on any given field vehicle 
in a given service application.  One or two measurements 
applied to a statiotical problem do not lead to an answer 
which can be regarded with a good deal of confidence- 

3^-  The designer's answer to the sources of error mentioned 
above is to make provisions for satisfactory operation of the 
mechanisnj over a wide spread of service conditions.  The 
mechanism must be quite flexible in its range of operation, 
with variability of field conditions and errors in field 
measurements adding up to some ±50^.  This approach of recog- 
nizing, and meeting, the difficult design specifications is 
far superior to that of attempting to predict the probability 
of operation of a —Ohanl— which operates somewhere within 
the spread of service conditions- An added advantage is the 
likelihood that a design which can cope with the spread of 
service requirements »ill also be adequate for the spread of 
the low-acceleration asymptotes due to the variation in 
pulse shapes. 

35-  Upon consideration of the vaj'iablllty of field conditions, 
and the unreliability of typical field data. It becomes 
apparent that the laboratory sensitivity data are probably 
the most carefully controlled and reliable components of the 
overall problem.  It is therefore concluded that use of an 
"average" sensitivity curve (the laboratory 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 spreads. 
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APPENDIX A - RESPONSE OF THE MASS-SPRING SYSTEM 

following noirencleture is used throughout the analysia: 

Spring constant 

Fvse  length of* spring 

Mase 

Time 

Duration or pulse 

Tims at Kaximum amplitude of response 

Natural period ■ 2Tri— 

Impulsive velocity required to produce XQ 

Velocity change of the applied acceleratior.-time pulse 

Deflection of wmm»  on the spring 

Specified travel  of aasa, —iiafd from  initial position 

Maximum deflection 

PreEcmt deflection of mass, measurad from the neutral 
position 

Deflection of free end of spring from  a fixed reference 
axis 

Peak value of applied acceleraticn 

Dumn-y variable of integration 

Puls« shape factor equal to average acceleration divided 
by peak acceleration 

Natural olroalar f^equenc;? '"/I 
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Figure 15 shows the position of the mass-spring system 
relative to some fixed reference system: 

3 
V 

^ —|- L - X ■J 

[/\/\/\/V\ M 

•f 

Figure 15 
The Mass-Spring System 

An anaiyais similar to that of reference (b) is followed: 

a* 
NiT~-2Gi + L"*) -^ =l0 

at 

M^-hkx = Hjj 

X t u5xX * ij 

Multiplying by aln-jit: 

S s.V>M)i: 1 '-o2x «M uit" ---- ü *«ViaÄ 

Integrating 
t 

(1) 

(2) 
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Where <* 1» a duinmy variable of Integration. Multiplying 
Equation (l) by cos'üt: 

t , 
Integratlrg:    Äcost^t +CüX ^ "^"^ • \ iü^^^icü^Ji^ {3) 

The above integrations asaurae the boundary conditions of zero 
dlaplacem&nt and zero vcloslty at zero tiaie. EllsHlnating 
terns in X from Equations (2) and (3);    . 

L   dot*" 1.    Jj^- iC 

Ar. 
U>X •   \   (A^^^(t-oc)^ 

t 
Dlmenslonlessly: ^^ * w \ ("^ Jp.)*;%(j,^-tt*^'<' (4) 

The procedure for^determining the amplification factor is to i substitute (4- Q&   1   as a function of o< (shape of the input 

pulse) into Equation (4), solve for the maximum value of -^j  , 
then: %m  * 

■M. 

Amplification factor  =   iil^  =■   **$* {5) 

APPENDIX B   -   THE RECTANG1LAR  PULSE 

I'or the rectangular pul^e   (Figure 10) 

t-=0 y\fc *o 

t>t,       iv'^-  -0 
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Substituting into Equation (*) for the period O^t^t, 

to 
1 

To find the rnaxijaum,  differentiate and equate to  zero: 

T    . 

t, > 
t. >jL 
f     at 

Araplifioatlon factor  -   l-(-l)   --- 2 

For  the peri od    t ^ t, 

^Ö^   ~ üü [ s.v. {jA - it]pi)JU ♦ «ol o 
'** 0 t, % 

= Co* (uil - ujoc) I     e. ; vo(; ot - uJl i) - coscöl 
'e 

TS <>;v, u>t «.VA uS\, - fobcöt (_«-<:o* Ujt, ) 

Differentiating for the E^xiinum: 

0 

10A\ ÜüT^    — 

tot, *rr 

tm ■ 

I 

11 

- c 

4- ^ 1 T 

-t, -        ^ t,  ' 

23 
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(7) 

(8) 
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Amplification factor = 5"'3w(4:*t^)'*r.**^ - coÄiir^r^i^^-oMAtrt) 

rt. ?-6.V,1T.T 

(9) 

Figure 9 is a plot of Equation (9) for •."= =! 4 and Equation 

(7) for Tr * 'i    Figure 11 ahoKS amplification factor curves 
for several pulse shapes other than the rectangular pulse. 

APPENDIX C - SENSITIVITY CURVES FOR THE MASS-SPRING SYSTEM 

In or3er to express inertia sensitivity parnmetors in 
dimenslonleas form, the quantity V0 is introduced. This is 
the velocity of the mass as it passes through toe neutral 
position (zero spring deflection) sufficient to produce X0, 
which is the specified travel of the mechanism. Equating 
potential and kinetic energy (no preset): 

( k*<u •\*iiC 

^"^ (10a) 

The steady acceleration needed to proiuce -<<> « iÄ» ~MA„ M a«-<«VJ (10b) 

P.ak applied acceleration  . &&•*&?&& - ^ 
Amp.Factor 
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Average applied acceleration  -ß(poak acceleration) 

Pulse shajge  - A 

rectangle       1 

triangle      1/2 

half-sine - 2 

Average acceleration  ■   B ^    '^i 

AlMMlonlessly,    ATTagg Ayleratlon . g^fi   -    . (n) 
V0/T Amp.  tactor 

Velocity change AV  ■  average acceleration x  ti 

diaanalonleasly,    ÄX   /|:(L& .V tlS| ,    . 
v0 gSp .Faotor A T y (12) 

By selecting values of aiaplificatlon factor from Figure 
11, the Eerisitlvity plots oJT AV versus Averafre Acceleration 

vö  %7*  
(also Figure 11) ware easily calculated. 

At small values of ti/T, QY    approaches 1, c? Amp.  Factor 
■■■■  2r/s^l that is, the initial slooe of the Amp. Factor versus 

ti/T curve ■= 2Tä .  Conssquently, Average Aooeleration^Oa Z 

At large values of t^/T, ao indicated on Figure 11 

Average Accel. 
Shape AmplifIcation Factor      V^/T 

□ 2 " ■—7 
/Li 1 4 

^ 1 TT 

C^-. 2 r/a 

1 T 

Centrifuge 1 2v 
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Note that half the centrifuge value of 2ir  would fall 
within the crosshatched region of Figure 11(f), and 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 with an accuracy warranted by 
such applications.  One could perhaps reason that the cen'ri- 
fugs teat consists of a gradual build-up of acceleration with 
maximum deflection of the test item 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 

Figure 16 is a plot of time to reach maximum deflection 
(characteristic delay time) versus purse duration/tm vs ti\ 
Some general conclusions may be drawn- ^^ * T/. 

(1) A short-duration pulse causes actuation in 1/4 
period, 'This is evident when one considers that the response 
to an impulse is a free vibration at the natural period, and 
that the first peak in a free vibration occurs at 1/4 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 is reached at about 
the same time as the peak acceleration of the applied pulse. 
This may be checked by noting (Figure lb) that values of 
tm/t]^ - / fyq/^ljat large ratios of tj (^1) agree roughly with 

the ratio of build-up time to pulse di.ration.  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 
(a stop function, which can be approximated in the laboratory 
and in service) the peak deflection la attained in 1/2 period. 
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RATto 4 

Figure 16 
Characteristic Delay Times 
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The discontinuities In the curves of Figure 16 Indi- 
cate the points at which the first positive motion of the 
mass 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 a blast 
pulse (reference (h)), the negative motion may 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 its 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 sensitivity curve has 
some simple formulae at his disposal. For the high-acceleration 
asymptote, the velocity change is close to the VQ of Equation 
(10). Rewriting Equation (10a) to Include the effect of 
preset of the spring (Xp): 

f t*>Xm  U |+2 &. 
Xo (13) 

Since the total deflection at the point of maximum travel is 
equal to Xp + X0, the peak acceleration applied by centrifuge ■ 

Using the 
value: 

average acceleration of half the centrifuge 

Average acceleration = l/2h)2(Xp + XQ) 

Figure 17 uses Equations (ß) and (14) In estimating the 
sensitivity curve. 

(14) 

> 

a 
i 

M^ 

H-C'O 
Ave^ÄE   A0CEL.ERAT1OH 

Figure 17 
An Estimated Sensitivity Curve 
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An example of  the accuracy oP these simple equations, 
«hen applied to a simple determinate system. Is the follow- 
ing comparison of test results and theory for a small cantile- 
ver beam used as a switch: 
measurement«Jcentrlfu8c setting of switch = ^790g 

(natural frequency - measured on vibrator - 2085 cps 

Using Equation (10): V0 = static acceleration . (ffioHgg.g) 
'   o  natural frequency    (2TM20Ö5) 

= 11.78 fps 

The measured value of V0, using a 50 microsecond input pulse, 
was 11.35 fps. 

The basic design parameters {Figure 17) are velocity 
change average acceleration, nasural frequency, preset of 
the spring, and travel distance.  Since, in general, the 
restrictions on aore than one or two of these quantities are 
not too severe, the designer has considerable latitude in 
his design.  It is because of th;Ls freedom of design that it 
is possible to overcome the liability of the expected spread 
in operating conditions which usually occurs in service 
applicatiors of inertia devices. 
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