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CONEIDENTAL

FOREWORD

The Ammunition Series is part of a group of
handbooks covering the engineering principles
and fundamental data needed in the develop-
ment of Army matericl, which (as a group)
constitutes the Engineering Design Handbook
Series.

Fuzes, Proximity, Electrical comprises five
numbered Parts, each of which i1s published as
a separate volume and assigned an Army Mate-
ricl Command Pamphlet (AMCP) number. Ar-
rangement into Parts and Chapters, with
Chapter titles, is as follows:

AMCP 706-211(C), Fuzes, Proximity, Electri-
cal— PartOne (U)

Chapter 1 — Introduction

Chapter 2 — Philosophy of Fuze Design
Glossary

Index

AMCP 706-212(S), Fuzes, Proximity, Electri-
cal— PartTwo (U)

Chapter 3 —VHF and UHF Radio Systzms

AMCP 706-213(S), Fuzes, Proximity, Electri-
cal— artThree (U)

Chapter 4 — MicrowaveRadio Systems

AMCP 706-214(S), Fuzes, Proximity, Electri-
cal— PartFour (U)

Chapter 5 —Nonradio Systems
Chapter 6 — Multiple Fuzing

AMCP 706-215(C), Fuzes, Proximity, Electri-
cal— PartFive (U)

Chapter 7 — Power Supplies

Chapter 8 — Safetyand Arming Devices
Chapter 9 — Components

Chapter 10—Materials

Chapter 11—Construction Techniques
Chapter 12— Industrial Engineering
Chapter 13—Testing

The purpose of these handbooks is twofold:
(1)to provide basic design data for the expe-
rienced fuze designer, and (2) to acquaint new
engineers in the fuze field with the basic prin-
ciples and techniques of modern fuze design.

These handbooks present fundamental oper-
ating principles and design considerations for
electrical fuzes and their components, with par-
ticular emphasis on proximity fuzes. Informa-
tion on mechanical fuzes, and other general
information on fuzes, is contained in AMCP 706-
210, Fuzes, General and Mechanical.

As indicated by the Table of Contents, the ar-
rangement of material is primarily topical. This
permits ready reference to the area in which the
user desires information.

Some subjects are covered in considerable de-
tail, whereas others are covered only superfi-
cially. Generally, the amount of coverage is an
indication of the state of development of a sys-
tem. There are exceptions to this, however. For
example, although the section on optical fuzing
is comparatively extensive, this type of fuzing
is not as far advanced as other methods of fuz-
ing. Much of the information in this section,
however, is based on an unpublished report.
Rather than risk the loss of this information,
and to disseminate it more widely, the informa-
tion is included in these handbooks.

A Glossary is included in which terms that
are unique to the fuze field, or that have special
meaning in the fuze field, are defined.

References at the end of a chapter indicate
the documents on which the chapter is based.
They also furnish additional sources of infor-
mation.

Titles and identifying numbers of specifica-
tions, standards, regulations and other official
publications are given for the purpose of in-
forming the user of the existence of these docu-
ments, however, he should make certain that he
obtains editions that are current at the time of
use.

Defense classifications are indicated for chap-
ters, paragraphs, illustrations and tables. The
degree of classification of the contents of cach
illustration or table is indicated by the appro-
priate initial symbol immediately preceding the
title. In the case of classified illustrations or ta-
bles the classification of the title itself is indi-
cated by appropriate initial symbol immediately
after such title.

i EONHBENHAL




These handbooks were prepared under the
joint direction of the Harry Diamond Labora-
tories (formerly Diamond Ordnance Fuze Labo-
ratories) and the Engineering Handbook Office,
Duke University. Text material was prepared
by Training Materials & Information Services,
McGraw-Hill Book Company, Inc., under con-
tracts with both of these organizations. Mate-
rial for text and illustrations was made avail-

able through the cooperation of personnel of the
Harry Diamond Laboratories. The operation of
the Engineering Handbook Office of Duke Uni-
versity is by prime contract with the U. S. Army
Research Office, Durham.

Comments on these handbooks should be ad-
dressed to Commanding Officer, Army Research
Office, Durham, Box CM, Duke Station, Dur-
ham, N. C.
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PREFACE

Part Five of this handbook contains Chapters 7 through 13. A Table of Contents for all Parts
is also included. The Index and a Glossary, defining terms that are unique to, or that have special
meaning in, the fuze field are included in Part One. Chapter 7 discusses the various types of power
sources used in fuze design. Chapter 8 presents fuze safety concepts and describes the design of
safety and arming devices. Chapter 9 gives a brief treatment and refers the reader to other litera-
ture concerning detonators and fuze components. Chapters 10, 11,12, and 13 cover materials, con-
struction techniques, industrial engineering, and testing, respectively.
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CHAPTER 7
(C) POWER SUPPLIES

7-1 (U) REQUIREMENTS FOR FUZE
POWER SUPPLIES

An existing power supply seldom meets the
requirements of a new fuze. Power supplies
must usually be designed for specific fuze ap-
plications. Five basic requirements for all fuze
power supplies, however, are as follows :

(1) Electrical. The power supply must
provide electrical energy having certain cur-
rent and voltage characteristics for a given
period of time. Current and voltage require-
ments vary with the fuze design. Activation
time (the time interval required for the power
supply to reach its specified voltage and current
rating after initiation) and active life are im-
portant considerations. Both of these vary de-
pending upon the application. For example,
artillery projectiles require power supplies that
activate quickly, but their active life is meas-
ured in seconds. A short activation time is usu-
ally not required in long range guided missile
fuzes, but an active life measured in minutes
is generally needed. In some cases, activation
time can be taken advantage of and used as an
arming delay for safety.

(2) Size and Weight. Usually a power sup-
ply must fit into a very small space and its
weight must not exceed a prescribed limit.
Space and weight requirements are a function
of the weapon and vary widely. Severe restric-
tions are usually placed on the size and weight
of power supplies used in motar, artillery, and
similar type projectiles. The restrictions placed
on guided missile power supplies are usually
less stringent.

(3) Environmental. The power supply
must withstand the shock, vibration, ambient
pressures, and temperatures to which it will be
exposed in storage, transportation, and use.
Operation in the —65° to 160°F range is norm-
ally required. Shock and vibration requirements
are usually governed by the weapon's flight
characteristics.

(4) Shelf life. The shelf life of a power

supply is of great importance. To be of any
value, a fuze power supply must furnish the

required electrical energy on demand after
many months or years of storage. Generators or
reserve-type batteries are essential to meet this
requirement. A reserve battery is inert during
storage and is not activated until functioning
of the weapon is desired. The shelf life of com-
mercial active or ready-type batteries is too
short for use in most fuze applications. Re-
serve-type batteries for fuze applications must
be stored with the eclectrolyte in place. The
electrolyte is generally in an inert state or is
kept separated from the battery cells until the
missile or projectile is launched. Reserve-type
batteries in which the electrolyte is added just
prior to launching a missile or projectile are
unsuitable for fuze applications.

(5) Reliability. This is a critical require-
ment. Because of the tactical importance of as-
suring proper functioning at the right time,
the power supply must approach 100% relia-
bility.

7-2 (U) TYPES OF POWER SUPPLES

The two broad classes of power supplies used
in fuze applications are generators and batter-
ies. Generators are operated by mechanical
means. They may be wind-driven, gas-driven,
spring-driven, or may be operated by the in-
ertial forces of setback. Piezoelectric genecra-
tors have also been used in fuze applications.

Batteries may be broken down into two broad
categories: active or ready batteries and re-
serve batteries. Active or recady batteries are
generally used for mine fuzes only. For other
fuzing applications reserve-type batteries are
preferred. For fuze applications, the entire bat-
tery must be in one container and must be cap-
able of remote activation.

All batteries, except radioactive, generate
power by electrochemical processes. The elec-
trolyte may be cither a solid or a liquid. The
clectrolyte in a thermal battery is a solid inert
material which contains no water. It becomes
active when heated to about 300°C. Reserve-
type aqueous batteries have a solution of some
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chemical in water with the liquid solution her-
metically secaled in a separate container until
operation of the battery is desired.

7-3 (U) GENERATORS

7-3.1 {U) WIND-DRIVEN GENERATORS (Ref. 1)

Wind-driven generators can be used to pro-
vide power for fin-stabilized bomb, rocket, and
mortar fuzes. Basically, the generators con-
vert part of the kinetic energy of a projectile
into electrical energy and thus eliminate the
requirement for stored energy. Other advan-
tages of a wind-driven generator are low cost,
safety, and the fact that it withstands repeated
testing. Its main weakness lies in the exposure
of its moving parts. A wind vane may become
fouled or damaged, or a shaft may be bent.

Direct-current type wind-driven generators
are not feasible. Slip rings and brushes develop
serious electrical noise problems, and, also,
speed-voltage relationships are hard to regu-
late.

The alternator-type wind-driven generators
overcome these defects. Electrical noise is re-
duced since the alternator does not require slip
rings or brushes. The alternator also provides
a reactance that can be used to obtain sufficient
voltage regulation.

Typical mortar fuze and bomb fuze genera-
tors are shown in Figures 7-1 and 7-2, respec-
tively. The mortar fuze generator delivers 2.75
watts and operates between 20,000 and 80,000
rpm. The bomb fuze generator delivers 40 watts
when operating at 40,000 rpm.

Wind-driven generators reached a satisfac-
tory stage of development and were produced
in large numbers up until about 1948. They
have now been superseded by reserve-type, elec-
trochemical power supplies. A detailed discus-
sion of this type of generator is given in Refer-
ence 2.

7-3.2 {U) GAS-DRIVEN GENERATORS (Ref. 3]}

A typical gas-driven generator system con-
sists of a solid propellant charge, an ignitor, a
housing containing a nozzle, a turbine, an alter-
nator, and rectifier, filter, and regulating net-
works. Systems that run from 10 to 90 sec and
generate 50 to 100 watts of power have been

designed and operated successfully. Probably
the most successful gas-driven generator is
used in the Navy’s Sidewinder missile (Ref. 4).
The Sidewinder power supply generates pneu-
matic power to drive torque motors for guid-
ance in addition to providing electrical energy.
The Sidewinder alternator is 1.5 in. in diam-
eter and 1.51n. long and has a useful output of
60 watts at 6,000 cps. The original Sidewinder
power supply was required to run 10 seconds.
This was later extended to 20 sec, and a system
that will operate 1 minute was under develop-
ment when this text was “frozen”; 1961.

Electrical components for gas-driven gen-
erating systems are casily designed. There are

Figure 7-1 {U). Typical Wind-driven Generator
for Mortar Fuzes

s

Figure 7-2 (U). Typical-driven Generator
for Bomb Fuzes

7-2 CONTRENTRL
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difficulties, however, in obtaining propellants
that will burn evenly, provide constant pres-
sures, and burn at low rates over the tempera-
ture range of —65° to 160°F. Until considerable
improvement takes place in propellants, the
gas-driven power supply system has no par-
ticular advantage over other systems. For short
operational periods (less than 5 minutes) the
thermal battery is less complex and more re-
liable, although it cannot be tested nondestruc-
tively under load. For operating periods of 10
to 20 minutes, the reserve alkaline primary
battery appears a better choice. Although the
gas-driven alternator and its regulating cir-
cuits may be tested nondestructively, the pro-
pellant cannot. As far as weights and volumes
are concerned there is little difference between
thermal batteries, the reserve alkaline primary
battery, and the gas-driven generator.

7-3.3 {U) PIEZOELECTRIC GENERATORS

Some crystalline substances such as barium
titanate generate electrical energy when under
pressure or stress. In certain cases, it is desir-
able to take advantage of this fact for fuzing
projectiles. Piezoelectric power generation is
covered in more detail in Chapter 5.

7-3.4 {U) INERTIA GENERATORS

An inertia generator consists basically of an
Alnico magnet enclosed within a coil of many
turns of fine wire. At setback the magnet is
rapidly e¢jected from the coil and generates a
voltage across the terminals of the coil. The
voltage is applied across a capacitor to provide
power to operate a fuze. This type of device was
abandoned primarily because a suitable release
mechanism, which would prevent the fuze from
becoming accidentally armed if it was dropped,
became too complicated.

7-3.5 (U) SPRING-DRIVEN GENERATORS

Spring-driven generators were investigated
primarily for use with electrostatic fuzes. En-
ergy produced by releasing a cocked spring
drove a rotor for about 0.1 sec. Operation of
the rotor developed a voltage that was used to
charge a capacitor, which was then used to
provide power for fuze circuits. This type of
device was abandoned for the same reason as
the inertia generator (paragraph 7-3.4).

7-4 (C) BATTERIES

(U) There are two broad categories of bat-
teries : active (sometimes called ready) and re-
serve. In an active battery, electrochemical ac-
tion is always taking place, whether the bat-
tery is in storage or operational use. In a re-
serve-type battery, however, no electrochemical
action occurs until the time the battery is used.
The electrolyte is distributed to the cells then,
or is maintained in inactive form until activa-
tion is required.

Active batteries deteriorate rapidly at high
temperatures; operate poorly, if at all, at low
temperatures; and have a very limited shelf
life. In addition, switches are usually required
to provide safety when they are used. On the
other hand, reserve batteries operate over a
wide temperature range, have an excellent shelf
life, and provide a high degree of safety. For
this reason, they are used in almost all fuzing
applications. An exception to this is mine fuz-
ing. Reserve-type batteries are one-shot de-
vices ; that is, they cannot be activated, turned
off, and then reactivated at some later time,
which is required in most mine fuze applica-
tions. Also, mine fuze batteries usually require
a much longer active life than can be provided
by reserve type batteries.

7-4.1 (C) BATTERIES FOR GUIDED MISSILE
APPLICATIONS

(U) Batteries for guided missile applications
are generally required to deliver high power
and have a relatively long active life. An active
life of 1to 3 minutes is typical, but in some ap-
plications an active life of 20 minutes or more
is required. The following paragraphs discuss
two types of batteries : the thermal battery and
the silver oxide-zinc battery. Both are used in
many present-day fuzing applications. Another
type, the liquid ammonia battery, which is rela-
tively new and appears to have direct applica-
tion to guided missiles, is also discussed.

7-4.1.1

Thermal batteries are a rugged, efficient, and
reliable reserve power source. They consist
basically of a combination of primary voltaic
cells with each cell having a negative electrode,
a positive electrode, and an electrolyte. Nega-
tive electrodes are usually made of magnesium

(C) Thermal Batteries (Ref. 5)

SCONRMEENEAL 7-3
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or calicum ; positive electrodes of nickel and
silver. A thermal battery contains no water.
The clectrolyte is a solid material such as
lithium chloride, potassium chloride eutectic,
or the equivalent bromide eutectic. The electro-
lyte is carried in Fiberglas or asbestos tape that
also separates the electrodes of the cell. During
storage the electrolyte is in an inactive solid
state. When heat is applied to the electrolyte,
and it reaches a temperature between about
275" and 375°C, it becomes a liquid ionic con-
ductor. A complete thermal power supply con-
tains an integral source of heat that is inert
until required for operation. One way of pro-
viding heat is to surround the individual cells
with a pyrotechnic material.

Several actions take place in a typical ther-
mal power supply to produce useful voltage and
current. An electric match initiates the power
system, and in a matter of milliseconds the
pyrotechnic paper is ignited. A few tenths of
a second later combustion is complete, and suf-
ficient heat is transferred to the voltaic cells
so that the electrolyte is fused. As internal re-
sistance is reduced, terminal voltage increases,
and useful current can then be drawn from the
supply. Since the action of the heat source is
irreversible, any pretesting for performance
of the completed unit is precluded. This is the
main disadvantage of thermal batteries.

No one thermal battery can satisfy all re-
quirements over the wide range of missile ap-
plications. Physical and operating character-
istics for several thermal batteries are given
in Table 7-1. Some of the batteries listed were
not designed specifically for guided missile ap-
plications :however, they indicate the variety of
thermal batteries available.

Important characteristics to be considered
when selecting thermal batteries for fuzes are
activation time, active life, temperature, rug-
gedness, voltage, current, and size and weight.
A brief discussion of each follows.

7-41.1.1 (U) Activation time

A thermal battery is normally inactive be-
cause of the inert containment of the clectro-
lyte. To activate it, an initiating force is re-
quired. Primers, electric matches, or internal
starters are the usual activating agents.

The time required to activate a battery varies
from a few tenths of a second to several sec-
onds. In general, the greater the permissible
activation time, the longer the battery life.
Small batteries are activated in about 1sec or
less, larger ones take from about 2 to 8 sec.

7-41.1.2 (U} Active life

The maximum life of present thermal bat-
teries is about 10 minutes, although a life of
about 15 minutes is considered feasible. The
active life of the average battery is largely con-
trolled by thermal rather than chemical con-
siderations. The space available for thermal in-
sulation is, therefore, important for a long-life
battery.

7-4.1.1.3 (U) Temperature

Thermal batteries perform satisfactorily in
the —65"to +160°F temperature range provid-
ing the battery activation temperature reaches
400°C (752°F) or higher. Over a given tem-
perature range, one particular operating tem-
perature gencrally gives the most efficient per-
formance. This operating temperature can be
obtained by varying the heat input of the bat-
tery, and in this manner optimum performance
can be attained for either very low or very
high environmental temperature ranges.

7-4.1.1.4 (U) Ruggedness

Thermal batteries are inherently rugged
since they have no moving parts and do not
rely on the displacement of materials. Some
thermal batteries withstand more than 10,000
g. With proper construction, all thermal bat-
teries can withstand normal vibration and
shock environments.

7-4.1.1.5 (C) Output voltage

An individual thermal cell produces an out-
put voltage of between 1and 3 volts. The bat-
tery voltages available are multiples of the
single cell voltage. This in turn is not infinitely
variable. There are discrete levels, depending
upon the battery system used. Thermal batter-
ies with voltages up to 2,500 volts have been
produced. Overall weight and bulk considera-
tions make it impractical, however, to attempt
higher outputs.

7-4 CONFIDENTIAT™
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TABLE 7-1 {C). Operating and Physical Characteristics of Typical
Thermal Batteries {U)

Activation Active
Voltage Current Time Life Initiation Size Weight
(volts) (amperes) (seconds) (seconds) Method (inches) (pounds)
1.5 0.33 15 Primer 05x
0_5**
1.5 ) 0.450 20 Inertia 1.62 0.28
s * 45 Match X
150 0.012 50 1.597%
1.5 ) 0.450 Primer 1.35 0.25
X
145 ) * 0.012 0.5 . 20 1.62%%
8.5 S 0.0001
6.0 5.0 1.5 30 Primer 1.62 0.44
' X
1.31%%
6 ) 4.5 Electrical 5.69 10.0
X
28 5 * 4.5 8.0 480 3.69
6 4.5 X
6.38
12 20.0 0.3 1 Primer 1.62 0.20
X
1.0**
28 4.5 0.8 60 Electrical 3x 3"* 1.34
350 0.090 1.0 60 Electrical 3.48 1.66
X
3_0**
600 0.001 1.0 180 Electrical 3.19 0.67
b4
1.62%*

* Single package
** Diameter of cylindrical package

The noise produced by thermal batteries is
quite low compared to that produced by con-
ventional batteries. Thermal batteries with out-
puts of 600 volts produce a noise level of about
10 mv; conventional batteries produce this
noise level at outputs of about 15C volts.

Thermal batteries lasting about a minute
have a voltage regulation of + 59, which is
satisfactory for fuzing applications. Similar
data for batteries with longer active life are
not currently available.

SOOI 7-5
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7-4.1.1.6 (C) Output current

Low voltage, short-life cells have been de-
signed that are capable of supplying up to 100
amperes. The present B-type thermal batteries
can provide up to 100 milliamperes. Figure 7-3
shows the current behavior for a compact, light-
weight thermal battery that measures only
2-1/2 in. in diameter and 1in. high and weighs
only 5 ounces. The battery produces a peak dis-
charge current of 10 amperes with a reason-
ably flat response (within 0.1 volt). Activation
times to reach the operating voltage of 1.8 volts
is about 5 sec; the battery life is about 1-1/2
minutes.

7-4.1.1.7 (C) Shelf life

The storage characteristics of thermal bat-
teries are better than those of any other type
battery for fuze applications. Tests indicate
that hermetically sealed thermal Dbatteries
normally remain in good condition for at least
four years. Thermal batteries in storage de-
teriorate very little unless they are subject to
a temperature of 250°F or more. In actual stor-
age this temperature rarely occurs.

Two views of a hermetically sealed thermal
battery before and after use are shown in Fig-
ure 7-4. Pressure scals prevent chemical reac-
tions with atmospheric constituents during
storage.

7-4.1.2 (U) Silver-Oxide Zinc Batteries (Refs. 6, 7)

Silver-oxide zinc reserve batteries provide a
primary power source for surface-target
guided missile fuzes. They are an alternate to
thermal batteries and should be considered for
low-voltage, high-power applications. Their
volume efficiencies are 5 to 10 times greater
than those of other batteries, but since their
capacity decreases rapidly below 30°F, they re-
quire integral heating units for operation at
low temperatures. Silver-zinc cells deliver
about 60 w-hr/lb and 3 w-hr/in.%. Cell voltage
under load is 1.5, whereas maximum current
density is about 2.5 a/in.? of projected plate
area.

Silver-zinc batteries may be activated by an
electrical command signal and have an active
life of a few hours at normal temperatures.
The shelf life of reserve-type silver-zinc bat-
teries is believed-to be greater than five years.
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Figure 7-5(U). PS-502A Silver-zinc Power Supply
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Figure 7-5 shows the PS-502A silver-zinc
power supply developed for guided missile ap-
plication. The supply is about the size of a 6-in.
cube, and weighs about 12.5 Ib. It is a 28-volt
battery and delivers up to 60 amperes with
less than a 4-volt drop in output voltage
throughout its operating range of —65° to
165°F. The performance of the battery under
heavy current drain is shown in Figures 7-6
and 7-7.

The operation of the silver-zinc power sup-
ply 1s shown in Figure 7-8. An initiating com-
mand fires two squibs which release pressurized
nitrogen gas into the electrolyte reservoir,
forcing the 31% water solution of potassium
hyvdroxide electrolyte through the heat ex-
changer and into the cell pack. Twenty cells,
connected in series, are filled through a com-
mon manifold. Air within the cells is not bled
off but is compressed by the influx of potassium
hydroxide. The back pressure equalizes the vol-

7-8

ume entering each cell and makes resistance to
flow uniform.

The heat exchanger contains a heat powder
which releases about 40,000 calories in less
than 0.5 sec to warm the electrolyte when the
power supply is activated at low temperatures.
If ambient temperature at the time of initia-
tion is below 25°F, a thermostatic switch be-
tween the signal-input terminals and two elec-
tric matches is closed, allowing the command
signal to initiate the squibs and matches simul-
tancously. The matches, in turn, ignite the heat
powder, which warms the electrolyte passing
through a copper tube to the cell pack. The cells
can deliver full power in 1to 10 sec.

Although relatively complex and expensive,
the power supply is made of noncritical materi-
als. Its reliability is high, and it can be acti-
vated by a low-energy command signal. Present
design efforts are directed at decreasing the

CONMDENThh
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Figure 7-7 (U}. Performance of Silver-zinc Power Supply Under Heavy Current
Drain{+ 30° and —165°F)

complexity, cost, and weight of the unit and
eliminating the need for heat for low-tempera-
ture operation.

7-4.1.3 (U) Liquid Ammonia Batteries

Liquid ammonia batteries are being investi-
gated as this is being written (1961). They ap-
pear to have excellent low-temperature opera-
tion characteristics, and may be suitable for
fuze application. No further information is
available at the time of this writing. Ammonia-
vapor batteries have been investigated (Ref.
8), but they do not appear suitable for fuze ap-
plications.

7-4.2 (C) BATTERIES FOR ROTATING PROJECTILES

(U) Rotating projectiles, such as antiair-
craft projectiles, ficld artillery projectiles, and
many rockets, use reserve-type aqueous batter-
ies almost exclusively. An aqueous battery is

one in which the electrolyte is in liquid form
during both storage and operational use. Car-
bon-zinc batteries and lecad-lead dioxide bat-
teries are the two main types used in rotating
projectile applications.

A typical battery is shown in Figure 7-9. As
in all batteries of this type, the electrolyte is
contained in a glass or plastic ampule. When a
projectile is fired, the ampule is broken by a
setback-operated device, or in applications
where the projectile experiences low setback
force, by a mechanically-operated spin breaker.
As the projectile spins, centrifugal force dis-
tributes the electrolyte between the plates, thus
energizing the battery.

The battery shown in Figure 7-9 uses half
plates. Other types of batteries have been con-
structed, however, using radial plates, involute
plates, and annular plates.

Typical characteristics of aqueous batteries

SOMEDERTIA 7-9
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used in rotating projectile applications are dis-
cussed in the following paragraphs.

7-4.21 (C]) Operating Temperature

The operating range of carbon-zinc batter-
ies 18 from about +10° to +120°F. The lead-
lead dioxide battery operates over a range of
about —40"to 4160°F. Both types will operate
at temperatures lower than the minimum tem-
perature specified, although degradation of per-
formance will result. Activation time will in-
crease greatly as the operating temperature de-
creases below the minimum operating tempera-
ture ; output voltage, active life will decrease.

\\\\\\\\\\\\\\\\\:
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SILVER OXIDE—
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7-4.2.2 (C) Activation Time and Active life

Activation time for both types of batteries
is a function of temperature. Within the tem-
perature limits of the batteries, however, ac-
tivation requires about 0.2 sec. Rotating pro-
jectiles normally do not require a long active
life. Both types of batteries can be made with
an active life of a few seconds up to about 120
sec.

7-4.2.3 (C} Voltage and Current Capacity

The A section of a typical aqueous battery
produces about 1.4to 1.7 volts and can provide
a maximum current of about 1ampere. The B
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Figure 7-8 (U). Operation of Silver-zinc Battery
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Figure 7-9 (U). Typical Aqueous-type Battery
for Rotafing Projectiles

section is usually required to produce about 90
volts for most applications at a maximum cur-
rent of about 20 milliamperes. For the C sec-
tion, a voltage of —6.5 volts is typical at a
maximum current of about 10 milliamperes.
Actually, voltages and currents considerably
higher than these can be obtained by connect-
ing more cells. The size of the battery, how-
ever, becomes an important factor as more and
more cells are connected.

7-4.2.4 (C) Noise

Electrical noise generated within the bat-
tery ranges from about 1to 25 millivolts. For
most batteries however, it is less than 5 milli-
volts.

7-4.2.5 (€} Minimum Spin and Setback Required
for Activation

The minimum spin required for proper dif-
fusion of the electrolyte is about 25 rps. For
batteries that are initiated by setback, a mini-

SN

mum setback of approximately 1600 g is re-
quired to break the ampule containing the elec-
trolyte. For batteries equipped with spin break-
ers no setback force is required to break the
ampule.

7-4.3 (U) BATTERIES FOR NONROTATING
PROJECTILES

Nonrotating projectiles, such as mortar pro-
jectiles and bombs, generally use thermal bat-
teries to provide fuze power. Thermal batteries
used in nonrotating projectile applications are
characterized by small size, fast activation
time, and short active life. They are of rather
low power, when compared with thermal bat-
teries used in guided missile applications.
Thermal batteries are discussed in detail in
paragraph 7-4.1.1.

7-4.4 (C) BATTERIES FOR LAND MINE
FUZE APPLICATIONS (Ref. 91

Batteries considered for fuzes of this type
must meet certain stringent conditions. They
must supply voltage over a wide range of tem-
perature, have a long shelf life, and be able to
supply ample energy for days, and sometimes
weeks or months, after the fuze has been armed.
Wherever possible, fuzes are designed to use a
passive detector, i.e., a continual power supply
is not required by the sensing and firing ele-
ments.

The energy required from the battery is ex-
tremely small. A hundred to a thousand ergs is
all that is necessary to initiate firing of the ex-
plosive charge. Circuits can be designed that
connect only the insulation of the fuze as a
load on the battery. Thus, the drain is only a
little greater than that normally flowing
through the insulation of the battery itself.
The effect of moisture on the insulating proper-
ties of the components does become a serious
problem. It can be solved by proper plotting,
seals, and metallic vapor barriers. Essentially
then, the life of a battery is the primary con-
sideration. In addition to supplying this min-
ute current, it needs only to maintain a charge
on a capacitor with a very high insulation re-
sistance. The following, .paragraphs discuss
some of the batteries considered for mine fuze
applications. All are of the active type since,
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at this time (1961), reserve-type batteries do
not appear suitable for this fuze application.

7-4.4.1 {C) Radioactive Batteries (Ref. 10)

Radioactive batteries have direct applica-
tion to mine fuzing. They can be used to main-
tain the charge on a capacitor and, if sufficient
time is available, the battery can be used to
charge the capacitor directly. They can also be
used as long interval timers to provide sterili-
zation of mine fuzes. Interval timers have been
constructed to measure time intervals of a few
hours to many days.

There are other possible fuzing applications
of radioactive batteries : to provide power for
clectrostatic fuzes; to provide self-destruction
in many types of fuzes; and to provide arming
delays.

Radioactive materials, decaying through an
alpha or beta emission process, e¢ject particles
that carry an electrical charge. A radioactive
battery is essentially a device that provides for
the collection of these charged particles and
permits utilization of the accumulated electrical
energy.

In its simplest form, a radioactive battery
consists of an electrode coated with active ma-
terial, separated by a dielectric from another
electrode which traps and accumulates the
charged particles. It can be considered as a
selfcharging capacitor, or as a voltage or cur-
rent source, with the maximum voltage and
total charge being determined by the amount
and type of radioactive material used, the size
of the electrodes, the dielectric material used,
and the electrical leakage of the battery and
its associated circuits.

For maximum efficiency, radioactive batter-
ies require an active material as a point source
of radiation, suspended by an insulated lead in
the center of an evacuated sphere. Under these
conditions, all emitted particles reach the col-
lector, and a potential difference between the
insulated lead and metal sphere would develop
at a rate dependent upon the rate of emission
of the charged particles. For ruggedness and
simplicity of construction, however, it is con-
sidered impractical to use ecither a vacuum
dielectric or a spherical shape. Available bat-
teries are cylindrical with polystyrene as the

dielectric material. Strontium 90 (SR}, which
has a 25-year half-life, is used as the radio-
active material.

Radioactive batteries have many important
advantages. They are small in size, light in
weight, and SR? is plentiful since it is a by-
product of pile operation. Other components
of the battery are ecasily assembled and are
relatively cheap. Units can be mass produced
with few facilities and little cost for special
tooling. Radioactive batteries are rugged
enough to withstand 20,000-g acceleration.
They have no moving parts or voids, and the
only activation problem is one of switching.
Other advantages are that the rate of radiation
changes only with time, and the power supply
is independent of both pressure and tempera-
ture, except as the diclectric is affected.

Radioactive batteries also have a number of
disadvantages. The ability of dielectrics to
withstand radiation for long periods has not
been proven, and the deteriorating effect of
aging and temperature variations on dielectrics
is considerable. Since SR has a half-life of
25 years, there is a 50% reduction in current
at the end of 25 years when it may be needed
for use. Due to the low current drains per-
missible, all circuit elements must have high
leakage resistance (10'* ohms or better). Since
the unit is normally used with a charged ca-
pacitor, the problem of premature functioning
requires safety devices. Another disadvantage
is the question of the tactical use of radioactive
material in any significant quantity, as well as
the use of the battery adjacent to other radio-
active materials.

7-4.4.2 (C) Zamboni Pile

A Zamboni pile battery consists of a layer of
paper on one side of which is a thin layer of
aluminum and on the other side a mix of man-
ganese dioxide, carbon, aluminum chloride, and
a very small quantity of water and ethylene
glycol. Discs are cut from a sheet of paper so
treated and stacked one upon the other. Approx-
imately 1.1volts is obtained from each of these
discs. When stacked together to give a pile two
inches in height, a battery of over 200 volts is
obtained. The batteries promise to give very
long shelf life because they are exceedingly dry,
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but they are incapable of supplying heavy cur-
rents. In mine fuze circuits, however, there is
no requirement for a heavy continuous current,
and thus it is permissible to use batteries of
the Zamboni type.

Zamboni piles have been tested under vari-
ous conditions and appear to maintain their
open circuit voltage down to temperatures that
will be encountered in operation. However,
there is some doubt because of the high internal
impedance of the Zamboni piles at low tem-
peratures that they can deliver even the small
current required for some mine fuze applica-
tions. Provisions would have to be made to
maintain the standby current drain from the
Zamboni pile to a negligible value to keep the
395A gas triode tubes, which are used exten-
sively in mine fuzes, in a sensitive state.

7-4.4.3 (C) Mercury Batteries (Ref. 9)

Commercially available mercury cells having
a shelf life from 5 to 10 years and capable of
supplying ample energy over the temperature
range likely to be encountered could be used in
mine fuze applications. However, their cost ap-
pears to be excessive. A possible method of

706-693 O-63 -3

overcoming this high cost is to employ an in-
ductive “kick-back” circuit to obtain high volt-
age from a single mercury cell.

Inductive kick-back is accomplished by con-
necting the cell in series with an inductance and
a vibration-operated switch, such as the reed
or seismometer systems described in paragraph
5-11. Under the influence of vehicle-produced
vibrations, the switch closes and opens estab-
lishing and then breaking a current in the in-
ductance. The current decay in the inductance
produces a high voltage, with a peak value ap-
proximately equal to the ratio of the resistance
across the inductance and the resistance in the
inductance proper. Therefore, the external re-
sistance must be large in comparison to that
of the inductor. Several hundred volts can be
produced across the inductance with a source
having an e.m.f. of only 1.3 volts.

If a capacitor and rectifier with a high back
resistance are connected across the coil, high
voltage energy can be stored in the capacitor.
This capacitor then functions in the same man-
ner in fuze operations as it would in conjunc-
tion with a Zamboni pile.
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CHAPTER 8

(C) SAFETY AND ARMING DEVICES

8-1 (U) INTRODUCTION

A safety and arming (S & A) device is a
transfer device between the fuze and warhead.
It keeps the warhead safe until detonation of
the explosive charge is desired and then arms
the fuze by providing a reliable path for trans-
mitting the firing impulse. The safety and arm-
ing device is not the sole determinant of safety ;
it is a component of an overall safety system,
which includes the explosive warhead. Gen-
erally, the warhead 1s made relatively insensi-
tive, thus the probability of spontancous deto-
nation in an expected environment is very low
(Ref. 20).

An explosive charge is considered safe when
its fuze is safe. A fuze is safe (or unarmed)
when the S & A device places a physical barrier
in the fuze explosive train so that detonation of
the sensitive element (usually the primer) is
confined in such a way that the detonation will
not be transmitted to the explosive train. An
explosive charge is not safe when a fuze is
armed. A fuze is armed when the S & A device
has removed the physical barrier between the
sensitive element in the fuze and the explosive
train, and detonation of the sensitive element
can be transmitted through the explosive train
to detonate the main explosive charge. There
are a few instances in which space or other
exigencies have precluded the use of physical
barriers in the explosive train. In such cases
the electrical initiating circuit may be discon-
nected or the firing pin blocked to prevent ini-
tiation of the explosive train in the safe condi-
tion.

An S & A device may malfunction in one of
two ways. It may arm a fuze too soon, or it may
fail to arm a fuze in time for effective detona-

tion of the explosive charge and cause cither
a hangfire or a dud.

To assure proper operation, it is desirable
that a fuze have at least two independent safety
and arming devices, a primary and a secondary
device. This is not always practicable, however.

A desirable feature in the design of S & A

devices is the “no-stored-energy” concept. This
concept states that no primary safety and arm-
ing device should depend for its operation on
cocked springs, explosive motors, or other kinds
of energy stored prior to projectile flight, al-
though such devices may be used to perform
auxiliary functions. To prevent arming before
launching, arming energy should come from
forces or conditions that occur during launch
or after the projectile is in flight. These forces
and conditions must be such that they are not
duplicated in transportation, handling, storage,
and pre-launching operations. Sometimes the
“no-stored-energy” concept must be ignored,
but then extreme care must be exercised in the
details of design, especially with regard to such
factors as stress, corrosion, and creep of
springs and stability of chemicals.

Although safety and arming devices vary
widely in appearance and in method of opera-
tion, most of them fall into two broad classes:
mechanical and electrical. Some that do not fall
clearly into these two classes are fluid operated
devices, barometric devices, thermal devices,
and chemical eroders.

This chapter discusses basic design require-
ments for S & A devices used in electronic fuzes.
It supplements the material contained in Ord-
nance Corps Pamphlet ORDP 20-210, Fuzes,
General and Mechanical (Reference 1), which
covers basic arming principles and various
types of arming devices generally suitable for
use in projectiles, bombs, and rockets. The
reader should be thoroughly familiar with the
information contained in Reference 1 before
using this chapter.

Besides the general safety and arming re-
quirements common to most fuzes, additional
requirements are sometimes specified for elec-
tronic fuzes. Special safety or arming require-
ments vary, depending upon the size and type
of warhead, function of the weapon system, and
the launch environment. Warheads with a large
lethal radius not only require a very large
separation distance before arming, but also
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require that the probability of premature func-
tion be extremely small; usually less than 1 in
10° or 10% This may dictate the use of multiple
independent arming devices operated in series
to provide such safety reliability. Also, weapons
for defense of civilian centers often require an
"intent to launch feature to insure non-arming
in the event of accidental launch.

As in the case of the mechanical fuzes dis-
cussed in Reference 1, there is not one best
criterion for making the arming decision for
all weapons. For example, elapsed time may
be the most convenient measure of separation
distance following bomb release ; missile ve-
locity may be both a sufficient and a required
criterion for arming a low-acceleration rocket ;
and minimum velocity plus elapsed time might
be required for a mortar fuze. For arming se-
quences similar to the last-mentioned, which is
performed in two stages, the system may be
said to be committed to arm when the launch
conditions are satisfied.

Quite often, the arming system in an elec-
tronic fuze is required to delay arming beyond
the time required for safety. This may be to
minimize early functions, to decrease the effect
of enemy countermeasures, or to conserve the
life of a battery. For some special warheads, it
may be required that the arming functions,
which are usually the closure of switches, be
programmed in a given sequence rather than
occurring at once.

8-1.1 (U) DESIGN REQUIREMENTS FOR SAFETY
AND ARMING DEVICES

Basic design requirements for an S & A
device are as follows:

(1) The device must operate reliably. Re-
liability in S & A design (asin all ammunition
design) has a very special meaning. It means
thousands of devices working well for a few
.seconds or minutes, rather than one device
working well for 10,000 hrs.

(2) The device must positively lock fuze
elements in the safe position and in the armed
position,

(3) The device should not remain in the

partially armed position. If any combination of
forces and conditions partially arms the de-

vice, the device should return to the safe posi-
tion when these forces and conditions are re-
moved.

(4) In the safe position, the device must
block the explosive train so that if the sen-
sitive explosive is detonated, other explosives
in the train will not be detonated.

(5) The device must withstand all forces
and conditions to which it may be subjected in
launching and in flight.

(6) The device must withstand the rigors
of transportation and handling as designated
in the following tests :

a. Jolt Test, MIL-STD-300.

b. Jumble Test, MIL-STD-301.

¢. Forty-foot Drop Test, MIL-STD-302.

d

Transportation and Vibration Test,
MIL-STD-303.
e. Jettison Tests, MIL-STD-307 (8) (9)
(10).
f. Accidental Release Test, MIL-STD-311.
(7) The device must function throughout
a temperature range of —65° to +160°F. after
being subjected to the Temperature and Hu-
midity Test, MIL-STD-304.

(8) The device must pass the Salt Spray
Test, MIL-STD-306.

(9) The device must have a shelf life of
20 years. All materials in contact with each
other must be mutually compatible. Materials
used must be corrosion and fungus resistant.
Devices used with nuclear weapons must not
be adversely affected by radiation.

(10) The device must be as small and
light in weight as possible.

(11) The shape of the device must be such
that it will fit into the assigned space.

(12) The device must be as simple as pos-
sible in design. It should contain a minimum
number of parts, and it should not require parts
such as unlinked pins or balls that may be easily
omitted in assembly.

(13) The device must usually be adaptable
to mass production and be safe and economical
to manufacture.

(14) The device must be versatile. It must
be adaptable to changes in fuze and missile de-
sign.
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(15) Indicators must be incorporated to
show handlers whether or not a fuze is armed.

(16) It must be impossible to assemble
an armed fuze to (or insert one into) an ex-
plosive charge.

Many of these requirements conflict with
one another. Certainty of action at the proper
time, safety, and compatibility of materials
complicate design and manufacture and add to
the cost of making the device. Size and shape
are determined by available space; weight is
governed by the weight allowance of the fuze.
When feasible, adoption of a standard shape,
size, and weight and use of the same device in
fuzes for all projectiles of a given class affords
economy of manufacture. Design compromises
implicit in “trade offs” that must be made to
satisfy overall system requirements should be
very carcfully analyzed.

8-1.2 (U) SAFETY AND ARMING DEVICES FOR
MISSILE FUZES (Ref. 21

Characteristics of S & A devices for guided
missile fuzes are based on the required char-
acteristics of the missile in which the fuze is
used. Most of the design requirements pre-
viously covered apply ; however, their relative
importance changes. Because of the increased
cost of the weapon and its much greater dam-
age capability, safety and reliability must be
emphasized. Size, weight, shape, simplicity,
long shelf life, adaptability to mass production,
and economy of manufacture become relatively
less important.

Safety requires that the probability of pre-
mature arming of a guided missile must be
very much less than that of devices for less
powerful projectiles. The probability of prema-
ture arming must be extremely low (10-¢,
107}, while a dud rate of 102 is tolerable. In
some missile designs, there must not be any
chance of premature arming, and only a neg-
ligible chance of a dud. To meet such require-
ments the designer must compromise between
the following two contradictory facts:

(1) The chance of premature arming de-
creases with the number of independent steps
(each having a given chance of failure) that
must be completed to arm the device.

(2) The chance of a dud increases as the
steps (each having a given chance of failure)
required for arming increase.

An S & A device will remain safe, or unarmed,
as long as any one step in the arming cycle is
not completed, and the device will be a dud if
any one of the steps is not completed as de-
signed.

A feel for the relations involved can be ob-
tained from the following oversimplified ex-
amples. When the probability of premature
arming must be less than 1 in 1,000,000 and
three independent steps are to be completed in
series for arming, then the probability that
ecach step will be completed prematurely must
be less than 1in 100 (100 x 100 x 100 — 10°%).
With only two steps in the arming cycle, the
probability that each step will be completed
prematurely must be less than 1 in 1,000
(1000% = 10%). When the chance of a dud must
be less than 1in 100,000 each step for a 3-step
arming cycle will have to have a failure rate of
less than 1in 50; and each step for a 2-step
arming cycle will have to have a failure rate
of less than 1in 350. Performance reliabilities
of this order are hard to attain and even
harder to prove because of the large number of
controlled tests required. This subject is treated
more rigorously in Reference 21.

8-1.3 (U) DESIGN FACTORS FOR GUIDED
MISSILE S & A DEVICES

Before designing an S & A device for a missile,
a designer must have the following informa-
tion :

(1) Dynamic characteristics. Axial forces
caused by axial acceleration and deceleration
during missile launching and flight, as well as
side thrust forces resulting from lateral accel-
eration, must be known, as must the vibration
and shock forces caused by booster and sus-
tainer ignition and acrodynamic disturbances.
With knowledge of the size and duration of
axial acceleration forces, the designer can de-
rive acceleration-time relationships to estab-
lish an arming sequence over a given time and
distance. Inertial forces of axial acceleration
and deceleration can be used to trigger certain
actions in the device, and the device can be de-
signed strong enough to withstand the forces
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of lateral acceleration, vibration, and shock.
For air-to-air or air-to-surface missiles used by
naval aircraft, the device must also withstand
the special shocks of catapulting and arresting
the aircraft.

(2) Missile environmental temperatures.
The temperatures resulting from all internal
and external conditions must be known. High
temperatures caused by skin friction, propel-
lant burning, and heat generated by internal
electronic devices may affect temperature-sen-
sitive circuits and materials with high tempera-
ture coefficients. Special temperature-resistant
materials, temperature-compensated circuits,
and special packaging may have to be used.

(3) Minimum and maximum arming times
and distances. These are specified in the mili-
tary characteristics of the missile.

(4) Size, shape, and weight. These are de-
termined by the available space and the weight
allowance for the S & A device, the location of
the device in the missile, and the type of war-
head used in the missile.

(5) Explosive components. Most S & A de-
vices contain explosives, which when properly
aligned, complete the fuze explosive train.
These essential parts of the device create a
very serious compatibility problem. Typical ex-
plosives are a dctonator, tetryl lead, and a
booster. The explosive train is loaded in the
S & A device and laboratory tested before be-
ing tested in high explosive warheads.

(6) Handling and storage safety require-
ments. Completed S & A devices must pass the
300-series of Military Standards tests (para-
graph 8-1.1). These tests cover jolt, jumble,
drop, transportation vibration, extreme tem-
peratures, humidity cycling, and salt spray.

8-2 (U} MECHANICAL SAFETY AND
ARMING DEVICES

Pins, rods, bearings, wires, foil, detents,
springs, rotary devices and clockworks are
some of the many mechanical devices used to
arm a fuze, to permit a fuze to arm, or to trans-
mit an arming signal. The choice of a type for
a particular application is usually based on its
operating principle, although other factors such
as available space and economics, for instance,
play important roles in selection.

8-2.1 (U) DEVICES BASED ON DEFORMAT ON
OF MATERIALS [Ref. 3)

When the setback force during launching is
much higher than any forces encountered dur-
ing transportation and handling, it may be used
to deform material which, when deformed, per-
mit a fuze to arm, perform the actual arming,
or provide an arming signal. Cost, environment,
and space limitations govern whether the ma-
terial used is a plastic, a metal, or a ceramic.
Materials may be loaded in tension, compres-
sion, or shear. They may be ruptured, stressed
beyond the elastic limit, or stressed and allowed
to recover their original shape or position.
Some plastics have special recovery characteris-
tics after strain. For example, lucite when
stretched 3% returns to 2% deformation rapid-
ly, to 1% in about 2 msec, and to zero after an-
other 4 msec, providing a cheap but crude time
delay unit.

Wires, pins, and foil are the most common
clements that are ruptured to function. Punch-
ing through controlled thickness of these ele-
ments or shearing their specially designed cross
sections are some of the methods used to rup-
ture them.

8-2.2 (U) DETENTS

Detents arc catches, pawls, dogs, or clicks
used to lock or unlock sliders or rotary devices.
They must be designed with great care to in-
sure proper opcration, to prevent damage to
mating parts and to prevent accidental unlock-
ing due to shock.

8-2.3 (U] SPRINGS

Springs provide a convenient source of stored
energy that remains cssentially constant over
the 20-year shelf life required for fuzes (see
“no-stored-energy concept discussed in para-
graph 8-1). They also act as restrainers for
various parts of a fuze, such as detents, pins,
balls, and rotors.

Flat leaf, flat spiral, and helical coils are
three common types of springs, and all are
used in fuze arming mechanisms. The flat leaf
spring is a thin beam that has tensile and com-
pression stresses when it bends. The flat spiral
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spring is a leafl spring wound nto a spiral. The
helical coil spring is a wire coil in which a
shear stress is induced whe) the coil is de-
flected.

Reference 1 discusses the motion of masses
of springs and gives clementary spring equa-
tions. It also describes fuzes that contain
spring-loaded components.

8-2.4 (U) SLIDERS

Fuze components, such as interrupters, lock
pins, detents, and similar devices, which move
without rotating or without the aid of roller
or ball bearings, are called sliders. Their use
reduces manufacturing costs because large
tolerances are permitted.

Because sliders have open bearing surfaces,
they are more vulnerable than rotating devices
to jamming caused by dirt and corrosion. In
rotating devices the bearing surfaces are cov-
ered and protected to some extent. Sliders are
also subject to cocking when clearances are
large, and to galling or gouging where corners
are sharp.

Sliders are moved by springs, inertial forces
such as setback and creep, or centrifugal forces.
They may travel along, normal to, or at an
angle with the missile axis. They are usually
held in their initial position by springs. Sliders
are discussed in detail in Reference 1.

8-2.5 (U) ROTARY DEVICES

Some arming devices are pivoted so that they
can rotate through a specified angle. Rotation
may be caused by setback, creep, or centrifugal
forces, by the air stream, or by unwinding
springs. The axes of the rotating members may
be parallel to, perpendicular to, or at an angle
with the missile axis.

The disk rotor, the centrifugal pendulum,
the simple plunger, the rotary shutter, the ball
rotor and a ball cam rotor, sequential events set-
back devices (setback leaves), and clockwork
are common rotary devices. Design data for
these devices are given in Reference 1. Sup-
plementary data for sequential events setback
mechanisms and clockworks are given in the
following paragraphs.

8-2.6 (U) SEQUENTIAL EVENTS SETBACK
MECHANISMS (Ref.4]

Sequential events setback mechanisms, com-
monly called setback leaves, provide safety by
discriminating between sustained firing set-
back and momentary setback caused by poor
handling. These mechanisms refer to any arm-
ing system employing interlocking elements
that must be moved in a particular sequence by
a firing acceleration to accomplish a particular
final motion. Thus, as shown in Figure 8-1, leaf
1 must rotate counterclockwise through an
angle 6r; to permit motion of leaf 2; leaf 2
must then rotate counterclockwise through an
angle 6r. to release leaf 3; and leaf 3 must then
rotate counterclockwise through the angle 6r;
to permit counterclockwise motion of the arm-
ing rotor. Motion of the arming rotor through
90 degrees is the particular final motion desired
in this case. Note that motion of the nth leaf
cannot occur unless all previous n—1 elements
have been rotated through their release angles.
Each element must have some restraining
torque, usually a spring, so that motion can
occur only when some reasonable minimum ac-
celeration is applied.

Leaves are not limited to rotary motion but
can be elements moving linearly. Only rotary
leaves will be discussed here as they are by
far the most prevalent. Final motions are not
limited to rotating arming rotors but can in-
clude starting clocks, clocking switches, start-
ing thermal power supplies, etc.

8-2.6.1 (U) Applications, Advantages, and
Limitations

Setback leaves can be used as a primary
safety device in all high-velocity, nonrotating
projectiles that are launched with acceicration.
There are limitations depending on the degree
of safety required by the military characteris-
tics and the intrinsic nature of the round. For
example, a HVAR rocket is launched at accel-
crations as low as 20 g and as high as 80 g,
depending upon the launch temperature of the
propellant. If a fuze must have, for example,
300 ft safe arming distance, then setback
leaves are impractical because of the nature
of the requirements. To delay arming for 300
ft of acceleration would require cither large,
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massive leaves or an extraordinary number of
small leaves.

When leaves cannot be used as primary safe-
ty devices because accidental accelerations can
reproduce firing accelerations, they can be used
in conjunction with a pull-pin or some other
environmental force or forces peculiar to the
round. The greatest advantage of setback leaves
is that they use the one large force that is com-
mon to all projectiles—firing acceleration. In
some fuzes, it is the only practical force avail-
able.

For rounds that must be safe to dispose of
after delivery by a malfunctioning parachute,
when the impact velocity may be as great as
160 ft/sec and bouncing may occur, it is neces-
sary that the setback leaves shall prevent arm-
ing at firing velocities nearly twice the maxi-
mum impact velocity. This safety factor takes
into account the effect of bouncing and the
fact that no setback-leaf system integrates a
full firing acceleration.

8-2.6.2 (U) Equations of Motion

Figure 8-2 shows the major parameters of
one eclement in a setback-leaf system. Assum-
ing that 6 is positive when the center of gravity
is above the line drawn through the pivot and
perpendicular to the direction of acceleration,
the differential equation of motion is

I = —maeA(t) cos 6 ¥ 8(0) *F (8-1)

where

I — moment of inertia of the leaf about
the pivot

6 = angle (radians) that the pivot-cen-
ter of gravity line makes with the
line perpendicular to the direction
of acceleration

m = mass of leaf

a = distance of the pivot to the center of
gravity of the leaf

A(t) = applied acceleration as a function of

time 7

SPRING TORQUE

LEAF AND ROTOR STOP

/
ay

DIRECTION
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ARMING ROTOR
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RESTRAINING
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RESTRAINING TORQUE

LEAF 2

RESTRAINING TORQUE

figure 8-7 (U). Typical Setback-leaf System
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S(60) = spring torque as a function of angle
0

F' = friction torque (coulomb — always
directed to oppose motion)

The initial conditions are at

t=0
0=2,
=0

If T is the time for the leaf to move into posi-
tion to permit the next element to move, then
the final boundary condition for ¢ equals 7 is

8—8 _0,

where
§, — initial 8 (radians)attime £ =0
6, = release angle (radians)

S(8) can usually be written in the form b — ¢#,
where b and ¢ are nonnegative constants. F' is
usually taken to be a constant for simplicity.

It is usually best to solve Equation 8-1 nu-
merically because A(?¢) is usually a complicated
function of time. If A(?) is a constant, A, such
as would occur in centrifuge time-testing, then
a first integral is immediately obtained, sim-
plifying numerical solutions :

(1/2)162 = — maA (sin 6 — sin 6,)

c(e® — 0,

+ 4R 0—p) — S0

The value of 7 can be obtained by solving this

equation. All of the constants must have a sub-

script, »n, for the nth leaf, and if there are L

leaves the total time for operation, 7, is given
by

T= T, (8-2)

2
To determine whether or not a particular ac-
celeration function, A(t), will operate the
mechanism, it is necessary to compute cach 7,
by Equation 8-1 and sum as indicated by Equa-
tion 8-2. The initial conditions for the nth leaf
are at

t:g r

0 =0,
6=0

8-2.6.3 {U) Equations for Minimal Velocity
Change for Operation

The principle of operation of setback leaves
is that firing accelerations must be sufficiently
high and last for a sufficient length of time to
operate all the leaves. Accidental accelerations,
however, must be able to operate only some
(but not all) of the leaves, due either to a lack
of high acceleration, or to a lack of time. This
must be so for proper safety design. The prin-
ciple suggests that there must be a minimal
integral of acceleration over time that is man-
datory for proper operation. This minimal in-
tegral (or velocity change that the round un-
dergoes), which exists for every design, can
be helpful in determining the degree of drop
safety in the design, as well as determining a
design for tne proper degree of drop safety
desired. The minimal velocity V., can be found
for the nth leaf (Reference 5) depending on
characteristics of the leaf as follows:

(1) If 6, > 0and @, > 6,,then

“n

Vi, = \/}M [tan g, — tan (0,, — 0,.n):l
My

(8-3)

(2) If 0,, > Oand 0, =0, , then

I

Vi, = 'Ml}an 6, + 0, — oon] (8-4)
Ny,

(3) If 0,, = 0, then
' ZInNn r

an — \/—O.—n (8'5)
Mty cO8* 0,

where
N, . .
s 0 = acceleration required to start mov-

n ing the nth lealf (obtained by
Equation 8-1 with ¢ = 0)

by — ¢.0,, + F,
n,ay,

N, =

The minimum velocity, V,,,,required for opera-
tion 1is, therefore

V= IZ Vv

n=1

My

EOPEHDENTRAL 8-7
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8-2.6.4 (U) Relationship between Minimal
Velocity and Drop Safety

A corollary to the existence of a minimal
velocity change for arming is that there exists
a minimum height from which a unit can be
safely dropped. Below this height it is impos-
sible to produce arming, independent of the im-
pact material. This follows from the fact that
the impact velocity, V7, of a unit dropped from
height, &, can be at most \/2gk, the bounce
height can be at most A, so that the maximum
velocity change the round can experience is
2 \2gh.

Equations 8-3 through 8-5 are derived from
a special acceleration function which can never
be met in actual practice; that of instantancous
velocity changes acting on cach leaf (infinite
accelerations lasting for zero time). If a prac-
tical estimate of minimal velocity changes, V, ,
is desired, considerations (Reference 5) lead to
the expressions :

Vi, =2V,

and

L—1

Vo=V, +2 Z Vo,

n=1

Vi, = velocity of last leaf

These equations are results for approximately

. 2N .
constant accelerations of value c—"apphed

os 0,

n

to the nth leaf.

The following statements can now be made
concerning the possibility of accidental arming
from a drop impact of velocity, V'

(1) If 2V < V,, arming is impossible

(2)If V <V, <2V, arming can only
occur if bouncing of the round occurs but is

very unlikely because then, V' < %L(approxi-

mately, since V,=2V,),and 2V <V,

(3) If ¥ < V, arming is unlikely unless
bouncing occurs to make V + v (of bounce)
> Vp

(4) If V >V, it is likely that arming
will occur when dropped onto some materials.

8-2.6.5 (U) Constructionand Design Details

For optimum safety, the designer must pro-
vide the following features :

(1) The leaves must be self-resettable.
Otherwise, a series of accidental accelerations
might eventually trip all the leaves.

(2) The direction of acceleration that is
most likely to trip the leaves should be close to
the firing direction (axial). Otherwise, acci-
dental accelerations other than base down are
more critical.

(3) The acceleration that starts moving
each leaf should be about half of the accelera-
tion acting on each leaf. This utilizes a mini-
mum part of the acceleration-time curve and
can, therefore, provide maximum safety.

(4) The design should incorporate in-
trinsic features to prevent misassembly. This
is especially important when setback leaves are
to be used as a primary safety.

In determining the type of setback-leaf sys-
tem to use for a particular fuze, the most im-
portant consideration is the available space at
hand. The cheapest method of construction is
to stamp cach piece, and if a flat vertical space
is available, a system similar to the one shown
in Figure 8-1 is preferable to any other. Sys-
tems have been proposed in a wide variety of
forms and designs, however, because of the
space problems encountered (Refs. 22, 23, 24).

In most cases, leaves are staked to shaft that
rotate in bearings. Restraining springs are
mounted on the shafts, one end attached to the
leaf and the other to a nonmoving member of
the mechanism.

Once the genecral shape and type of setback
leaf is established, theoretical computation and
experiments must be employed to establish the
proper parameters. An acceleration-time firing
curve is necessary to establish the range of Na.
Centrifuge experiments can provide data on N,
(N, = centrifuge value X cos 6,,), while firing
tests will determine whether or not leaves op-
erate properly. Three methods for adjusting
parameters are as follows:

(1) Changing N, by changing the preload
of the torque spring.

(2) Changing I,/m.a, by making small
changes in the design which do not affect other
parameters greatly.
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(3) Changing 6,, by making small changes
in design which do not affect other parameters
greatly.

It is usually necessary to use one of the above
three methods for adjusting parameters of a
proposed design. Experience has shown that
“first” designs are not perfect, and experimen-
tal trial-and-error methods in design are
required.

8-2.7 (U) CLOCKWORK

Clock escapements and gear trains are used
extensively as acceleration arming mechanisms.
Both the watchspring-type (tuned) escape-
ment and the runaway-type (untuned) escape-
ment can be used.

8-2.7.1 (U) Tuned Watchspring Escapements

A tuned escapement is essentially a mass on
a spring, and executes simple harmonic motion.
This type of device provides greater timing ac-
curacy than most other devices. This is not
necessarily an advantage, however, because
many fuzing applications do not require pre-

NEXT ELEMENT

cise arming times. A tuned escapement usu-
ally includes a means for positive starting.
It must include a means to reset to full safe
position after any momentary arming force
without, in most cases, running the escapement
backwards.

Setback force may be used to alter the beat
frequency of the clock as well as to provide
driving power and, in this way, vary the arm-
ing time. If the frequency is made proportional
to acceleration, the system will integrate to a
constant missile velocity before arming. If the
frequency is made proportional to the square
root of acceleration, the system integrates to a
constant distance before arming, assuming that
the acceleration is essentially constant.

The operation of a tuned escapement is
shown in Figure 8-3. Figure 8-3(A) shows
tooth A4 falling on the locking face of pallet 4°.
In Fig. 8-3(B), the pallet has reversed its mo-
tion and is passing through the equilibrium
point in its oscillation where pallet A’ is re-
ceiving an impulse from tooth A. In Fig. 8-3
(C), the escape wheel tooth C has fallen onto
the locking face of pallet tooth B’ which is the

-— APPLIZED PCCSLERATION, A(t)

1

CENTER OF GRAVITY

INERTIA, 1

—— SPRING TORQUE, S(&
FRICTION TORQUE, F

Figure 8-2(U}). Parameters of One Element in a Sefback-leaf Sysfem
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figure 8-3(U). Operation of Tuned Escapemenf

opposite part of the cycle from Fig. 8-3(A). If
the line of action of the fall impulse passes
through the pivot of the pallet, the simple har-
monic motion of the pallet will .not be altered
(neglecting friction). As pallet B’ slides be-
neath tooth C, the escape wheel stops. In Fig.
8-3(D), the pallet has returned to its equi-
librium position and is being driven by the
escape wheel as in Fig. 8-3(B). If the energy

8-10

is added as the pallet passes through its equi-
librium position, the frequency of the oscillat-
ing mass is least affected.

The tuned escapement is probably more com-
plex than necessary for most arming applica-
tions. It can be made to meet unusual arming
requirements, however, if necessary. Design
data for tuned escapements are given in Refer-
ence 1.

CONMDENTIS




~COMF D"

8-2.7.2 {U) Untuned Escapements (Ref. 6)

The untuned escapement is simpler and in-
herently more rugged than the tuned escape-
ment (Ref. 7). It is not as accurate because the
beat frequency varies with driving force. This
variation can be used to advantage, however, to
provide either constant arming velocity or con-
stant arming distance, depending upon how the
acceleration force is coupled to the escapement.
The untuned escapement also has the advan-
tages of being self-starting and reversible.

Untuned escapements are used extensively in
rocket fuze arming applications. A timing de-
vice measuring a fixed time interval would suf-
fice if the speed of a rocket were constant.
Acceleration-time curves for rockets are not the
same, however, even for rockets of one type.
Figure 8-4 shows the effect of rocket motor

60+

3 140° F INITIAL MOTOR TEMP
5
© a0
= °
< O° F INITIAL MOTOR TEMP
x /
[F9)
o 20/
(&)
(5]
<1

o | | ] |

0 [ N 3 ~

TIME, SEC

figure 8-4(U). Effect of Rocket Motor Temperature
on Acceleration-time Relationship

temperature at the time of firing upon the ac-
celeration-time curve. Other factors such as air
density, velocity of the launcher, and steering
activity can also affect the acceleration-time
curve significmtly. By driving a runaway es-
capement with a device that derives its power
from the acceleration of the rocket, the escape-
ment can be designed to effect arming at a con-
stant distance regardless of acceleration level,
as long as acceleration is relatively constant.

8-2.7.2.1 {U) Operation of Untuned Escapement

An untuned escapement consists essentially
of a starwheel and a verge (Figure 8-5).

SO TDENTTAL~

\
(o
\J/ _

STARWHEEL

TO G@a

Figure 8-5(U). Untuned Escapement

Torque is supplied to the starwheel ecither
through a gear train by a force (spring, accel-
eration, etc.) as shown in Figure 8-5, or direct-
ly to the starwheel. The collision of the star-
wheel with the verge provides substantial delay
in the rotation of the starwheel and its geared
members.

The actual operation of the untuned escape-
ment is as follows (Figure 8-5) :

(1) The torque drives the starwheel so
that tooth A strikes the leading face of the
verge, changing the velocities of starwheel and
verge.

(2) After collision, tooth 4 contacts the
leading face and slides along until it becomes
free of the leading face. This part of the mo-
tion is called “leading contact.”

(3) Free motion occurs where the verge
is not in contact with the starwheel.

(4) Tooth B collides with the trailing face
of the verge, changing the relative motions of
both verge and starwheel.

(5) Tooth B slides along the trailing face
in “trailing contact.”
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(6) Freec motion again occurs.

(7) Tooth C strikes the leading face of
the verge as the cycle repeats again.

Some general characteristics of the opera-
tion of untuned escapements are as follows
(Refs. 8-11):

(1) Bouncing of starwheel teeth against
the verge does not noticeably occur, suggest-
ing an inelastic collision.

(2) With a constant torque on the star-
wheel, a steady-state periodic motion occurs
after about 3 cycles of verge motion. It is then
possible to consider the average angular ve-
locity, 8, of the starwheel, which is a factor
needed for calculating time delays.

(3) Experimental evidence (Ref. 11)indi-
cates that the material from which the star-
wheel and verge are made slightly affects the
running rate. Brass and aluminum behave
about the same, whereas an escapement made
of steel runs about 5% faster, and a clock made
from magnesium runs about 5% slower. These
results were obtained with equivalent moments
of inertia and are different due to material
alone.

(4) From a study (Ref. 10) of necarly 300
samples of a particular clock mechanism em-
ploying an untuned escapement, it appears that
some aging effect occurs. After a mechanism
has been run-in several times to remove burrs,
a decrease in 6 of about 2% can be expected
when it is stored for a short period of time;
for example, a day or so._The study also indi-
cates that the spread in 6 varies about = 8%
about the mean. The most important reasons
for this variation are as follows:

(a) Differences in geometrical dimensions
of the verge.

(b) Differences in the center-to-center
spacing of the verge and starwheel shafts.

(c¢) Differences in the friction of the gear
train which transmits the torque from the
spring to the starwheel.

(5) If acceleration is applied to a rack to
produce torque to drive the starwheel, an un-
tuned escapement can be shown to be an ap-
proximate integrator to obtain a constant arm-
ing distance.

8-12

8-2.7.2.2 (U) Analysis of Motion

To determine the average angular velocity of
the starwheel, 6, the following assumptions are
made :

(1) Collision is inelastic.

(2) Impact time for collision is zero.
(3) Sliding friction between verge and
starwheel i1s zero.

Let ¢ == Torque acting on starwheel
I, — Moment of inertia of the verge

I,, = Moment of inertia of the starwheel
(effects of other members of the gear
train included)

v1 = Ratio of starwheel moment arm to
verge moment arm at leading face
collision‘point

v» = Ratio of starwheel moment arm to
verge moment arm at trailing face
collision point

N = Number of teeth in starwheel

With the three assumptions stated above,
any analysis is still necessarily complicated,
The equilibrium velocity of the starwheel, 6,
depends upon how much free motion and slid-
ing motion exists. If the assumption that vy, =

v2 = v is made, however, 6 liecs between the
limits
l}JW(Iw + ')/ZIU > é-é J l’lﬂ'lw
2N~2L I, 2Ny, + v?1,)

(8-6)
provided that I, == ?[,.

In applying Equation 8-6 an approximation of
v? = y; y. can be made.

If v2I, > I, different formulas apply. The
time for sliding motion IS radically changed
under these conditions because, after collision,
the starwheel reverses its direction of motion,
against the torque, before moving forward
again.

Since the left-hand and right-hand terms in
Equation 8-6 represent conditions where no
free motion exists and all free motion exists,
respectively, their ratio is an approximation
of the effects of center-to-center distance be-
tween verge and starwheel. The ratio, R, of
6 when the center-to-center distance is just
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small enough to jam the mechanism to # when
the center-to-center distance is just large
enough so that the starwheel does not contact
the verge, is given by

p_ Lt 7L

I (8-7)

provided that vy does not change radically as
the center-to-center distances are changed.
Equation 8-7 shows there is no appreciable
effect due to changes in center distances if
1, >>731v.

Generally speaking, a numerical computa-
tion using the theory given in References 8 and
9 will yield correct running rates of untuned
mechanisms to within 156% to 20%, provided
the time for one cycle of the verge is much
greater than the impact time for the collision.
The latter was assumed zero in the above analy-
sis, an assumption which breaks down in this
case. The effects of dynamic friction also intro-
duce error and tend to make the theoretical 8
too great.
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