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ABSTRACT

Fundamentals of missile and nuclear weapons systems
are presented in this book which is primarily prepared as the second
text of a three-volume series for students of the Navy Reserve
Officers' Training Corps and the Officer Candidate School. Following
an introduction to guided missiles and nuclear physics, basic
principles and theories are discussed with .a background of the
factors affecting missile flight, airframes, missile propulsion
systems, contro3 components and systems, missile guidance, guided
missile ships and systems, nuclear weapons, and atomic warfare
defense. In the area of missile guidance, further explanations are
made of command guidance, beam -rider methods, homing systems, preset
guidance, and navigational guidance systems. Effects of nuclear
weapons are also described in categories of air, surface, subsurface,
underwater, underground, and high-altitude bursts as well as various
kinds of damages and injuries. Besides illustrations for explanation
purposely a table of atomic weights and a glossary of general terms
are provided in the appendices. (CC)
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PREFACE
This book is intended primarily as aclassroom training text for NROTC
and OCS students. Other principal users will be officers enrolling in the
correspondence course based on this text, and NROS students.
This is the second volume of a three-volume series dealing with naval
weapons. The first volume, Principles of Naval Ordnance and Gunnery,
NavPers 10783-A, deals with shipboard naval weapons systems, including

guns, rockets, bombs, torpedoes, mines, and depth charges, but not
guided missiles and nuclear weapons. The basic sciences as applied to
naval weapons, including fire control, are explained.
The present volume deals with many basic principles and theories

needed for understanding guided missile flight and control, and basic nuclear weapons information. The fundamentals of the different types of
missile guidance are discussed.
Because its distribution is not limited by security regulation, it is necessarily general in nature with minimum reference to actual weapons in
current use. Considerable detail is given on the effects of nuclear weapons
but not on the construction or operation of the weapons.
The user should bear in mind that this text is not designed for maintenance or for operating personnel, nor for use as a manual on operations

or tactics.

The third volume, Navy Missile Systems, NavPers 10785-A, describes

specific Navy missile systems, illustrating the application of the principles explained here.
The text and illustrations of this book were prepared by the Training Publications Division, Naval Personnel Program Support Activity,
Washington, D. C. 20390, for the Bureau of Naval Personnel. Credit
for technical assistance is given to the Bureau of Naval Weapons, Officer
Candidate School, Newport, R. I. , NROTC Unit, University of Texas,
Austin, Texas, and NROTC Unit, University of Oklahoma, Norman,
Oklahoma.

Original Edition 1959
Revised 1968

THE UNITED STATES NAVY
GUARDIAN OF OUR COUNTRY
The United States- Navy is responsible for maintaining control of the sea
and is a ready force on watch at home and overseas, capable of strong
action to preserve the peace or of instant offensive action to win in war.

It is upon the maintenance of this control that our country's glorious
future depends; the United States Navy exists to make it so.

WE SERVE WITH HONOR
Tradition, valor, and victory are.the Navy's heritage from the past. To
these may be added dedication, discipline, and vigilance as the watchwords

of the present and the future.
At home or on distant stations we serve with pride, confident in the respect

of our country, our shipmates, and our families.
Our responsibilities sober us; our adversities strengthen us.
Service to God and Cciuntry is our special privilege. We serve with honor.

THE FUTURE OF THE NAVY
The Navy will always employ new weapons, new techniques, and

greater power to protect and defend the United States on the sea, under
the sea, and in the air.

Now and in the future, control of the sea gives the United States her
greatest advantage for the maintenance of peace and for victory in war.
Mobility, surprise, dispersal, and offensive power are the keynotes of
the new Navy. The roots of the Navy lie in a strong belief in the
future. in continued dedication to our tasks, and in reflection on our
heritage from the past.

Never have our opportunities and our responsibilities been greater.
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PART 1.-GUIDED MISSILES.
CHAPTER 1

INTRODUCTION TO GUIDED MISSILES
GENERAL

DEFINITION

A GUIDED MISSILE is an unmanned vehicle

that travels above the earth's surface; it carries
an explosive warhead or other useful payload;
and it contains within itself some means for controlling its own trajectory or flight path. A glide
bomb is propelled only by gravity. But it contains a device for controlling its flight path, and
is therefore a guided missile.
The Navy's guided missiles, including Terrier, Tartar, Taboo, Sidewinder, Sparrow, Bullpup, and Polaris, meet all the requirements of
the above definition.
The Army's Honest John (now obsolete) is a
3-ton rocket that is capable of carrying a nuclear
warhead. Because it contains no guidance system, Honest John is not a guided missile. The
Navy's homing torpedoes are self-propelled
weapons with elaborate guidance systems. The
homing torpedo can hunt for a target and, when
it finds one steer toward it on a collision course.
Because it does not travel above the earth's surface, the homing torpedo is not a guided missile.
A MISSILE is any object that can be projected or thrown at a target. This definition

includes stones and arrows as well as gun

SCOPE OF THE TEXT

Part I of this book is a brief introduction to
the basic principles that govern the design,

construction, and use of guided mistAles. Part

II deals with nuclear weapons. Many of the

principles we will discuss apply to all missiles;
most of them apply to more thanme. The treatment will necessarily be general. Security require'', --Its prevent any detailed description of

specific missiles in an unclassified text. This
text will therefore contain very little information about specific missiles; they will be described in some detail in a supplementary volume, Navy Missile Systems, NavPers 10785-A.
The reader will find some repetition in this
text; this is intentional. The subject is complex; it deals with many different phases of
science and technology. The begihning student
of guided missiles faces a paradox. We might
say that you can't thoroughly understand any
part of a guided missile unless you understand
all the other parts first. We will deal with

this problem by first discussing the guided

missile as a whole, with a brief consideration
of its propulsion, control, guidance, and launching systems. Each of these subjects will then

be treated at some length in one or more later
chapters.
gradually becoming synonymous with GUIDED
All guided missiles contain electronic deMISSILE. It will be so used inthis text; we will vices; some of these devices are very complex.
use the terms MISSILE and GUIDED MISSILE A sound understanding of the operating prininterchangeably. This permits inclusion of the ciples of missile guidance is very difficult withAsroc, which is not a guided missile, butts a out some background in basic
electricity and
missile, an important one in ship missile weapon electronics. Students who have no background
syhtems. Another missile is Subroc, which is in electronics should use Introduction to Elecfired underwater from a torpedo tube, is guided tronics, NavPers 10084; it should, if possible,
during its air flight, returns to the water, and biiimpPlemented by further reading in basic
acts as a depth charge.
texts on electricity and electronics.
projectiles, bombs, torpedoes, and rockets. In
current military usage, the word MISSILE is

5

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

power, aircraft became the primary weapon of
the Navy. The battle of the Coral Sea, in 1942,
The missiles alone are useless for defense was the first major naval engagement in which
or offense without the remainder of the weapons surface ships did not exchange a single shot.
When a navy so controls the seas that it can
system. A weapons System is vitally dependent
safely
approach the enemy coast, it can extend
on search radar inputs, command and control
devices, and power supplied from other equip- its striking power inland to the distance its
ments. A missile weapons system consists of a weapons can reach. A heavy cruiser can bomweapon direction system, one or more fire con- bard enemy installations about 15 miles inland.
trol systems, the launching system, and the Carrier-based aircraft extend the Navy's force
intosiles. The missiles may be all of one type for hundreds of miles over enemy territory.
or mere may be two or more types in the system Thus, during the Korean War, the whole of North
Korea was subject to attack by carrier-based
on a ship.
A mere listing of the components of a weapons aircraft of the U. S. Navy.
The Navies-Regulus guided missile had a
system would be rather lengthy. Many trained
range
comparable to that of a carrier-based
men are ,needed to operate the various parts.
It was designed so it could also be
aircraft.
The coordination and cooperation required to
make all components and personnel work to- launched from a submarine, even where we did

WEAPONS SYSTEMS

gether properly is not a i1 1Wple task. It requires

a thorough knowledge of the interrelationship
and interactions involved. Intensive technical
training is necessary for the technicians who
operate and maintain the equipment, each in his
own specialty. A network of communication
facilities is necessary for communication betvieen the men operating the different units.
Officers must have agoodbackgroundknowl-

not control the surface of the sea. Although
Regulus is being phased out, it gave valiant

service as a forerunner of Polaris. Some of the

missiles will be used as drones for training

purposes.
The Polaris missile, called the FleetBallistic Missile (FBM), also submarine-launched,
extends the Navy's striking power far inland.
Early models of the Polaris had a rangeof 1500
edge of how a weapons system operates, and the miles; advanced Polaris has a range of about
interaction and dependence of the various parts. 2500 miles. With such a range, even the most
This book will not describe the components of a remote place on earth can be reachedby its fire
weapons system, other than the missiles, nor power, while the submarine that fires it remains
their functioning. Officer texts and correspond- submerged, undetected by the enemy.
One of the strongest elements in our national
ence courses are available for specialty study,
such as Combat Information Center Officer, defense is the Strategic Air Command (SAC),
which can launch a devastating nuclear attack
NavPers 10823-B.
against any enemy within a few minutes after
PURPOSES AND USES OF
notice. But SAC bases are large, and expensive
GUIDED MISSILES

The primary mission of our Navy is control
of the seas. We propose to keep the sea lanes
open for our own and for friendly commerce; in
time of war, we propose to deny use of the sea
to our enemy. Historically, this mission has
been accomplished by the use of warships armed
with the most advanced weapons of their time.
When John Paul Jones challenged the British
control of the seas, his warships carried guns
having an effective range of a fewhundredyards.
In the Civil War, the Union Navy maintained a
successful blockade of southern ports with the
help of guns that could shoot a little more than
a mile. The battleships of World War I carried
rifled guns with an effective range in the order of
15 miles. When aircraft became more effective
weapons than guns, in both range and striking

to build and maintain. Their position is known to

our possible enemies. At the outbreak of war,
they would probably be the first objective in a
surprise attack.
The intercontinental ballistic missile (ICBM)

carries a nuclear or thermonuclear warhead.

It can reach its target o: 'another continent within

minutes after launching. It can approach the
target at such a speed that any countermeasures
may be very difficult. Its shore-based launching
sites are small, relatively cheap to build and
maintain, and relatively easy to conceal. Be,cause they can be widely dispersed, they are

' difficult to attack even if their location is known.
ICBMs Paunched from shipboard would have a
mobile base, of course, which could be maneu-

vered as necessary to evade the enemy or to
come within range of the target.

Chapter 1INTRODUCTION TO GUIDED MISSILES

The ICBM does not face the problem of re- the AA guns if not brought down by missiles.
turning safely to friendly territory after com- High-speed aircraft flying at low altitudes (pospleting its mission, for. guided missiles are sibly to avoid radar detection and tracking) are
expendable by design, while our strategicbomb-

susceptible to AA guns and conventional gunfire.

supplemented by the ICBM. An Intercontinental Ballistic Missile (ICBM)

Guided missiles are becoming increasingly
important in aircraft armament. When two jet
aircraft are approaching each other head-on, the

ers and their crews are not. SAC has been
has a range of over 3000 nautical miles. In this
class are the Atlas (5500 to 9000 nautical miles),
Minuteman (over 5000 nautical miles), and Titan

(about .5000 nautical ,plies). These missiles
were developed by the Air Force, and are shorelaunched.

An Intermediate Range Ballistic Missile

(IRBM) has a range up to 1500 nautical miles.
This term is now applicable only to Thor and

Jupiter both of them Air Force Missiles, and
both being phased out.

Some missiles have a range in the interval

500 to 3000 nautical miles. The Navy's Regulus

I

range closes at a speed between one-half and one

mile per second. Under these conditions it is

difficult even to see an enemy aircraft, and hitting

it with conventional aircraft weapons is largely
a matter of luck. But the air-to-air missile can

"lock on the hostile aircraft while it is still

miles away, and can pursue and hit the target in
spite of its evasive maneuvers.
The defense of a naval task force against air
attack is somewhat similar to that of defending
an American city or industrial area against air
attack. The enemy attack will be detected by

long-range search radar while the attacking
is in this range group. Its successor, the planes are hundreds of miles from the target.

Polaris, has a greater range, but is still in this
group. Hound Dog, Mace, and Matador are Air
Force missiles in this range.
Each of the services has several short-range
missiles that are operational. The Navy mis-

siles in this group include Bullpup, Sidewinder,
Sparrow III, Taloa, Tartar and Terrier. Others
are under development. dne of the aims in the
development of advanced types of missiles is to
increase their range as well as their accuracy
and dependability.
Modern military aircraft can fly so high and

so fast that conventional antiaircraft guns are
ineffectual against them during high flights. As

you know, a gun is not aimed directly at a moving

target; it must be so aimed that both the pro-

jectile and the target will reach a predicted point
at the same time. During the flight time of the

projectile, a high-speed aircraft will travel

several miles. The projectile cannot change its
trajectory after it is fired; the aircraft can, and
a slight change of course can take it beyond the
lethal range of the projectile burst.
The surface-to-air guided missile can inter-

cept attacking aircraft at greater heights and
greater ranges than any projectile. If the air-

craft changes its course or takes evasive action
to escape the missile the guidance system of the
missile will change its course accordingly to
follow the aircraft up to the instant of interception.
Aircraft attacking a ship headon, or low-flying

slower speed aircraft and helicopters used for
strafing and spotting, could come within range of

Ashore, the early warning radars, calledBallis-

tic Missile Early Warning System (BMEWS), are
located at distant outposts inCanada and-Alaska.
At sea, they are aboard picket ships at some distance from the main body of the task force. The
first line of defense will probably be interceptor
aircraft, which will attack the enemy planes with

air-to-air missiles. A second line of defense
may consist of moderate range surface-to-air
missiles, which will intercept the attacking

planes at rangesfrom about 20 to more than 65
miles. A third line would consist of shorter
range missiles, designed to intercept at ranges
between about 5 and 20 or 30 miles, and antiaircraft guns with ranges up to 10 miles.
Protection against underwater attack is af-

forded by missiles, such as Asroc, homing

torpedoes, and depth bombs, all of which are included in the antisubmarine warfare (ASW)
arsenal. A study of the statistics of submarine

devastation in past wars might convince you ASW

is more important than anti-air warfare. Al-

though there is a difference of opinion as to the

relative importance of these two types of defenses, the Navy has not neglected either ore.
We have antisubmarine weapons to be dropped
from airplanes, to be fired from surface ships,
and to be fired from submarines.
Because the defense system outlined above
is formidable, it is improbable that enemy aircraft will try to bomb our cities, or attack a task
force with bombs or torpedoes. Enemy attacks

are more likely to be with air-to-surface missiles, launched at a range of perhaps a hundred
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miles or more, and submarine or surface-fired used car. It resembles an ordinary aircraft
rocket; it differs, of course, in having a guidance
missiles.
The question remains: how do we defend our-

selves against enemy intercontinental ballistic
missiles, air-to-ground missiles, and
submarine-launched missiles? We must assume
that the enemy has weapons as swift and lethal
at ours. The early mods of Nike and Terrier
missiles were designed to shoot down jet aircraft. They were swift enough for that, but with
the development of ICBMs, which can be launched

from foreign shores, or possibly from hidden
submarines, defense requires shooting downthe
missiles launched by our enemies. The answer

is antimissile missiles. They must be capable
of launch, or very short notice, extremely fast,

and extremely maneuverable. They can be relatively small, jusibig enough to explode the enemy
missile high in the air (or inthe water) before it
can reach its target. Such antiballistic missiles
(ABMs) are being developed and means are being
explored for rendering enemy missiles ineffective within range of our shores or ships.
When the antimissile missile becomes operational, it will probably lead to further develop-

system, and movable control surfaces by which
the guidance system can control its flight path.
At the other extreme, the ICBM has a range of

thousands of miles, with size and weight in
proportion; its proportional cost is even higher.
The ICBM, like most missiles, has the familar
rocket shape.. Some of the earlier missiles
resembled conventional aircraft; they differed
from aircraft in having a guidance system rather
than a pilot. They were designed to dive into
their targets rather than release abomb load and
return.
Guided missiles are classified in a number
of different ways, perhaps most often by function,

such as air-to-air, surface-to-air, or air-to-

surface. The new designation symbols for missiles and rockets classify them according to the
launch environment (R for ships), mission (0 for

surface attack; U for underwater attack), and

vehicle type (M for missile).
A nonballistic missile is propelled during all
or the major part of its flight time; the propul-

sion system of a ballistic missile operates for

ments. Our aircraft carry air-to-air missiles
for defense against enemy aircraft; an inter-

a relatively short time at the beginning of flight;

name for them.
Such speculations about the future are not

depend on the presence of air for proper operation of the control surfaces, the propulsion system, or both.
Missiles may be further classified by type
of propulsion system, such as turbojet, ramjet,
or rocket; or by type of guidance, such as command, beam-riding, or homing.

thereafter, the missile follows a free ballistic
continental ballistic missile might carry air-to- trajectory like a bullet (except that this trajecair missiles for defense against other missiles. tory may be subject to correction, if necessary,
These might be called anti-antimissile missiles by the guidance system). Some missiles are
though if we have the ingenuity to develop such designed to travel beyond the earth's atmosweapons we may be able to think of a shorter phere, and reenter as they near the target. Others

very instructive. But this prediction is safe:

the effort to develop faster and better missiles,

and the race between missiles and missile

countermeasures, will continue as long as the
exists or until some new and

threat of war

unforeseen weapon makes guided missiles obso-

lete.

INTRODUCTION TO MISSILE
GUIDANCE

INTRODUCTION TO
MISSILE TYPES

To perform the various functions outlined
above, missiles of many different types mustbe
developed. A list, later in this chapter, will.
show the number of missile types now operational or in various stages of develoPment.

can be assumed that other missiles, not yet

.

announced, are being developed.
The Navy's Sidewinder is a relatively small

air-to-air missile with a range of a few- miles.
A Sidewinder costs about as much as a good
ab.

The missile guidance system keeps the
missile on the course that will cause it to
intercept the target. It does this in spite of
initial launching errors, in spite of wind or
other forces acting on the missile, and in spite
of any evasive actions that the target may take.

The guidance system may be provided with
certain information about the target before
launching. During flight it may receive additional information, either by radio from the
launching site or other control point, or from

Chapter 1INTRODUCTION TO GUIDED MISSILES

the target itself. On the basis of this inforThe German V-2 used a combination of premation, the guidance system will calculate set and COMMAND guidance. Before launching,
the course required to intercept the target, it was set to climb vertically for a certain disand it will order the missile control system tance and then turn onto the desired course.
to bring the missile onto that course.
From the paragraph above, it might be in-

Speed and position of the V-2 were determined

by a radar at the launching site. This informaferred that the guidance system is an intelli- tion was analyzed by a computer, which detergent mechanism that can think. This, of course mined when the missile had reached a position
is untrue. The missile guidance system isbaseci and speed that would carry it, along a ballistic
on a relatively simple electronic computer. But trajectory, to its target. At that instant, the
even the most complex computers, such as Uni- missile propulsion system was shut down by
command.
vac and other "giant brains," cannot think. radio
The
Army's Nike surface-to-air missile is
Thinking is a conscious process, confined to man
a
more
modern
example of command guidance.
and few of the hie r animals. No matter how
Throughout
the
missile flight, radars at the
complex it may be, a computer is simply a malaunching
site
track
both the missile and its
chine built so that when certain things happen,
target.
A
computer
continuously calculates
certain other things will result. The design of the course that the missile
a computer is nothing more than an advanced reach the point of intercept. must follow to
Throughout its
exercise in the logic of cause and effect. A comflight,
Nike
is
steered
along
the
desired course
puter can take no action that isn't built into it by radio commands from the ground.
by its designer (except, of course, the erratic
Sidewinder has a HOMING guidance system,
action that might result from a bad connection sensitive
to infrared (heat) radiation. It will
or a faulty component).
In the later chapters of this text you will find
statements such as this: "When Terrier detects
an AM signal, it 'mows it is off the beam center,
but it does not know, from the AM signal, whist:
way to go to get back to beam center." We make
such statements without further apology, but it is
essential that the students understand what we

steer itself toward any strong source of in-

frareds- The exhaust of a jet aircraft is such a
source, and Sidewinder can steer itself "right
up the tailnipe* of an enemy jet.

Infrared is not the only basis for homing
guidance. A missile can be designed to home
on light, radio, or radar energy given off by,
or reflected irom the target. It could also,
are doing. We are using a convention because like a homing torpedo,
' be designed to home on
it saves time and space. Remember that a mis- a source of sound waves; but because a guided
sile doesn't "know,* or "see," or "think," or missile travels at from one to a dozen times
"decide."
the speed of sound, such a system would not
Several distinct types of guidance are pos- be practical. However, sound waves are used
sible; a given missile may use one type, or a for detecting underwater targets. The word
combination of two or more. These types "Sonar* means Sound Navigation and Ranging
include preset, homing, command,beam-riding, systems, and includes all types of underwater
and inertial guidance, besides some less-known sound detection devices. The Asroc torpedo
ones such as celestial, celestial-inertial, uses sonar detection in its underwater phase.
terrestrial-reference, and stellar guidance sysBecause its source of information is energy
tems.
given off by the target itself, Sidewinder guidAlthough it cannot be called a guided missile,

the air-steam torpedo has a simple guidance
system. Before launching, its gyro is set for a

predetermined course; the gyro holds the torpedo

on that course throughout its run to the target.
The torpedo is capable of steering itself, but it

receives no information after the instant of

launching. This is PRESET guidande: The
German V-1 is another example. Before launch-

ing, it was set to follow a given course, and to
dive on its target after traveling a preset distance.

ance is an example of PASSIVE homing., Other

missiles carry a radar transmitter, "illumi-

nate* the target with a radar beam and home
on the radar energy reflected from Ihe target.
This is an ACTIVE homing guidance system.
A SEMI-ACTIVE system is also possible; the
target is illuminated by a radar beam from the
launching site or other control point, and the
missile homes on energy reflected from the
target.

The Navy's Terrier is similar to Nike in

both function and performance; but its guidance

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

system is entirely different. Terrier uses
BEAM-RIDER guidance. A radar transmitter
at the launching site keeps a narrow beam of
radar energy continuously trained on the target. Terrier simply rides up the beam.
Intermediate-range (around 1500 miles) and
long-range (3000 miles or more) missiles may
use a NAVIGATIONAL guidance system. The
missile determines its own position in relation
to the target, calculates the course required to
reach the target position, and steers itself along
that course. A missile may be designed to
navigate with the help of radio or radar beacons,

just as a ship may navigate with the help of
Loran. A missile may navigate by dead reckoning, through the use of an INERTIAL guidance
system. It may navigate by taking star fixes
through a telescope (celestial navigation), or by
examining the ground with radar and comparing
what it sees with a map. Or it may use a combination of two or more ol these methods.

As previously stated, a missile may have
more than one type of guidance system, and
switch from one to another during its flight.
For example, a long-range missile may climb

to a preset height and turn onto a preset

course shortly after launching, then navigate
to the target vicinity, and finally home on the
infrared or other energy given off by the tar-

HISTORY OF GUIDED MISSILES
INTRODUCTION

The brief sketch that follows will enable
the student to view the present day guided
missile in a historical perspective, and to

consider the most recent developments in their
relation to early experiments. It serves no other

purpose; it is not necessary to memorize the
dates listed here.

Guided missiles, as defined at tho beginning

of this chapter, were first used in World War
II. But they could net have been built at that

time without previous experiments in both
propulsion systems and guidance. We will

look briefly, at early developments in both of
those fields. Our latest missiles, of course,
are based also on developments in many other
fields, including mass production techniques,
metallurgy, aerodynamics, radar, and electronic computers; but we cannot describe the
evolution of those developments here.
PROPULSION SYSTEMS

Weapon propulsion systems are usually clas-

sified as gun type, reaction type, and gravity
type. Gun type propulsion systems are also
called impulse propulsion systems and include

get. Or a surface-to-air missile may ride a
radar beam until it gets near the target, then all weapons in which a projectile is ejected from
a container, such as a gun barrel or a launching
The only application of this type of pro-

switch over to homing guidance.

tube.
COMPONENTS OF GUIDED MISSILES

pulsion in missiles is for the "ship-clearing"
portion of the journey of some missiles and

In the course of thediscussionthus far, some
of the components of guided missiles have been
mentioned. Every missile has a framework,
called the airframe, to contain the components.

torpedoes.'

In the airframe is the warhead, the propulsion
system (including the fuel), guidance system,
control system, and an auxiliary power system.
Chapter 3 defines each component; fuller de-

scriptions are given in other chapters. Each

system has many parts, some of them intricate
and delicate, with a network of electrical, hydraulic, and mechanical connections linking all
parts. The next section describes the development of some of the components and ways in
which the changes affected the missiles. .The
improvement of missiles is a continuing process
to increase the reliability, simplicity, range, and
lethality of the weapons. As significant improve

meats are achieved, older missiles are phased
out and new ones are installed.

Older type glide bombs and other gravitymissiles are obsolete. Although
propeller-driven aircraft, under radio control,
have been used as target drones, a propellerdriven guided missile would be too slow to be
powered

effective. Most current missiles depend on some
form of jet or rocket propulsion (reaction type
propulsion system). An exception is the Walleye,
a glide bomb type under development.
The development of present day tra..4ed mis-

siles was dependent on the deveiopk:.ent of jet
propulsion, although the experimental work was
done for the purpose of developing .a jet engine
for planes.
In France, in 1909, Guillaume. outlined the
basic theory of turbojet propulsion. In 1927,
the Italian Air Ministry built and tested a plane
driven by a form of mechanical jet propulsion.

The fuselage of this plane was shaped like a

10Is
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tube, with flaring ends. A conveutional propeller was mounted in the throat of the tube,
forming a "ducted propeller" installation. This
craft had good maneuverability and good sta-

other hand, carry their own sourcfl of oxygen for
combustion, and they operate even more efficiently in a vacuum than they do in air.
The principle of rocket propulsion has been
known for nearly 2000 years. In the Far East,
rockets were used in warfare as early as the
13th century. Several western armies used
rocket projectiles in the early part of the
19th century, but not very effectively. They seem

bility, but in other respects its performance
was poet . In 1932, Campini, an Italian, designed
and later flew the first plane powered by a
thermal jet; it differed from modern jets in
using a piston engine, rather than a turbine,
as a compressor.
After Campini's successful flight, development of improved jet engines was undertaken
in several countries. In England, in 1930,
Frank Whittle patented a jet engine based on

to have been of more value in frightening the

enemy than in doing physical damage. The British used rockets in their attack on Washington in
1812; and in the Star Spangled Banner, Francis

Scott Key referred to the "rocket's red glare"

the principles used in modern jet aircraft.

during the bombardment of Fort McHenry. (Some

After combustion, the exhaust gases of the jet

historians believe that the British *CI.* using

were used to spin a turbine; the turbine, in rockets as signals, rather than weapons.) Militurn, drove the
th compressor. The first suc- tary interest in rockets lapsed after the middle of
cessful
ul flight of a turbojet powered aircraft the 19th century, because developments in gutiwas made in England in May 1941. In the nery made gun projectiles '01.?.perior to rockets in
U. S., development of jet engines was turned
over to General Electric Company because of
its experience with turbine - driven superchargers. At present, nearly every matuifac-

range, and far superior in accuracy.
Among rocket engineers, Robert H. Goddard
is known as the "Father of Rocketry." Goddard
was born in Massachusetts in 1882. By the time

turer of aircraft engines is developing and

he earned his Bachelor of Science degree is

building turbojet engines.
The pulsejet engine uses the forward motion

1908, he was obsessed by thoughts of rockets and
rocket propulsion. He believed, quite correctly,
that rocket propulsion would be the most suitable

of the missile or. aircraft, rather than a tur-

bine, to compress the air and fuel vapor before

ti

means for sending measuring instrumentstathe
top of the earth'!" atmosp!. ,re, and eveitivally t3
the moon. Ur. tfi t3W. iirne no one had investigated
the physics of rocket propulsion, and no one had
worked out the necessary mathematics. Goddard
decided to do both.
Before Goddard's experiments, rockets consided of a quantity of propellant packed in a
cylindrical tube. Goddard discovered that by
forming the after end of the tube into a smooth,

combustion. The pulsejet principle was patented
by a German engineer in 1930, and further developed by Bleeker, an American in 1933. The
pulsejet engine was much improved by the Germans during World War II, and was used to power
their V-1 guided missile.
The ramjet also depends on forward motion

for compression, but it differs from the pulsejet in having no moving parts. The basic idea

of a ramjet was patented by Rene Lorin, a

tapered nozzle, he could increase the ejection
velocity of the combustion gases eight times

French engineer, in 1913. This was followed
by a Hungarian patent in 1928, and another
French patent, by Leduc, in 1933. None of
these patent& resulted in a workable ramjet
engine. The basic ideas were sound; but successful development of a ramjet engine had
to wait for extensive data on the behavior of
fluids at extremely high speeds. The first successful ranitat flight was made in June of 1945
at the Applici Physics Laboratory of the Johns

without increasing the weight of the fuel. Accord-

ing to Goddard's calculations this would, for a
given weight of fuel, drive the rocket eight times

as fast and sixty-four times as far.
Goddard was given a Navy commission in
1917, and assigned to the job of improving the

Navy's signal rockets. This assignment en-

abled him to continue his development of rocket
theory.
After the war he summarized his

Hopkins University in the course of developinga

theories and experience in a paper called

power plant for the Navy's Talo4 missile.

A Method of Reaching Extreme Altitudes. This
report, published by the Smithsonian Institution
in 1920, consisted almost entirely of equations,
formulas, and tables, but it contained one statement of general interest. It proposed the idea

Turbojets, pulsejets, and ramjetil all depend
on the presence of air for the combustion of their
fuel. CNosequently, none of them can operate
beyond ti,, earth's atmosphere. Rockets, onthe
7
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of multi-stage or step rocketsthat is, one ment of space ships. Oberth's book discussed
rocket carrying anotherand said that by this the possibility of putting an artificial satellite
means .a rocket could be sentto the moon, where into orbit around the earth. (Except for a
it could explode a charge of flash powder to make

a light visible from the earth.
During the twenties and early thirties, Goddard continued his experiments with the help

of a small salary (as professor of physics

at Clark University) and grants from the Guggenheim and Carnegie Foundations. His list
of accomplishments is impressive. We have

mentioned his idea of multi-stage rockets,

and his design of the tapered nozzle. He was
the first to suggest that a liquid-fueled rocket
could provide the sustained thrust necessary
for sending a vehicle into space. He was
the first to actually launch a successful liquidfueled rocket. (That was on 16 March, 1926;

science-fiction story published in 1870, that
was the first time this idea had been expressed
in print.) Oberth believed that passengers
could travel to and from the satellite in smaller

"landing rockets." In this. way, the satellite
could be transformed into a manned space
station, which could ultimately serve as a
launching point for space ships. Neither
Goddard nor Oberth mentioned the possible
use of rockets as military_weapons.

The German "Society for Space Travel,
Inc." was organized in 1927, with Oberth as
president and Willy Ley as vice president.
(Willy Ley is still probably the world's most

popular author on the subjects of rockets, missiles, and space travel.) The society began at
He proved, first by calculation and later by ex- once to experiment with liquid-fueled rocket enperiment, that rocket propulsion canbe used in a gines. The rockets carried two tanksone gasovacuum. He was the first to fire a rocket that line and one of liquid oxygen. These two liquids
traveled faster than sound; he was the first to had to be fed simultaneously and in the right
develop a gyroscopic steertng mechanism for proportions to the combustion chamber, where
rockets; and he was the.first to usevanes in the they were mixed and burned. Most of the atjet exhaust stream to stabilize the rocket during tempted launchings ended in failure, for one of
two reasons. First, liquid oxygen is extremely
the first phase of its flight.
But Goddard was forced to end his experi- cold; it froze the valves, so that they refused to
ments in 1935, for lack of funds. During open or close at the proper time. Second, the
World War II he again worked for the Navy, combustion temperature was so high that the
this time to develop rockets to aid the takeoff rocket burned up after a few seconds. In later
of the Navy's flying boats. He died in 1945. experiments, the combustion chamber was surNASA's (National Aeronautics and Space Admini- rounded by a cooling jacket filled with water.
stration) Goddard Space Flight Center atGreen- With this model, the society launched a number
belt, Md. is just one of many activities named of rockets that burned for about thirty seconds,
and reached an altitude of half a mile or more.
in his honor.
A group of rocket enthusiasts, inspired by The next step was to omit the water from the
Goddard's experiments, formed the American cooling jacket, and circulate the fuel throughthe
Rocket Societ: in 1930. During the thirties jacket before burning it. When the society tried
this group performed a number of important to launch such a rocket, using gasoline as fuel,
experiments with rocket motors, but their it immediately exploded. Ley suggested using
work was limited in scope by lack of money. ethyl alcohol, slightly diluted with water, in
Hermaun Oberth is a German counterpart place of gasoline. This system worked very
of Goddard. Like Goddard, he worked on the well. The same system and the same fuel
physics and mathematics of rocket propulsion combination were later used in the German
during the first World War. There is good V-2 missiles, the American Viking rockets,
evidence that he independently conceived the and the rocket-propelled experimental planes
idea of multiple -stage liquid fuel rockets. He X-1 and X-1A.

the rocket reached an altitude of 184 feet.)

read Goddard's report shortly after it was

ptAlithed, and in 1923 published a book of his

own, called The Rocket into Inte

Mae exploration of the upper atmoephere

but to berth, every improvement in rocketry
was limply a step toward the eventual develop-

The Versailles peace treaty (1919) limited the
German army to 100,000 men; it was forbidden

to have aircraft or antiaircraft guns, or field
artillery of more than 3-inch caliber. This
may explain why the German army took an
early interest in rocket development; the treaty
of Versailles didn't mention rockets at all. In
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1932, the army established a small research

project under the direction of Captain (later General) Walter Dornberger to develop liquid-fueled
rockets for use as weapons. No one in Germany
had any experience with rocket propulsion, except the members of the Society for Space Travel.
Dornberger visited the society and hired a very
young member named Werner von Braun.

The team of Dornberger and von Braun,
with a small staff of assistants, began to test

rocket motors on an artillery testing range

Berlin. In December of 1934, they sue.near
ceeded in firing two rockets to a height of about

6,500 feet. This news eventually filtered up
to the high command. In 1936, General von
Fritsch went to the test range for a demonstra-

tion. The general was impressed. The result
was a new and much bigger research institute
the Peenemunde Project, which became the
center for German research, development, and

manufacture of robot bombs. After the war,
von Braun came to the United States, where he
has become a leader in this field.
GUIDANCE SYSTEMS

The history of guidance systems is short.

AU of the significant developments are recent,
principally because the state of electronics before the nineteen forties was relatively primitive. Many of the pioneers in the fields of missile guidance and propulsion are still actively at
work on guided missile development.

The Americans developed a flying bomb
called the Bug, during the first World War. It
was simply a pilotless aircraft, with a range
of about 400 miles. The Bug was ready for
production by the middle of 1918, but by that
time it was apparent that the war would be
over in a few months, and the Bug was never
produced. Its accuracy would have been poor;

it had no guidance system. But the Bug led to
the suggestion that pilotless aircraft could be
controlled by radio. Beginning in 1924, both
the Army and Navy experimented with radiocontrolled planes. Several moderately successful flights were made, with the pilotless
plane controlled by radio from a parent plane
that flew nearby. This project was dropped in
1932 for lack of money.

In 1935, an American high - school student
named Walter Good built and flew a radiocontrolled model airplane. This was the first
time on record that a plane of any kind had

been successfully launched, flown, and landed

while under complete radio control from the
ground. One of the problems that plagued the

armed forces was stabilizationkeeping the
aircraft on an even keel so that it could respond properly to radio commands. Because

a well-built model airplane is inherently stable,
Good didn't have to worry about this problem.
His contribution was to design and build a miniature radio receiver coupled to the control surfaces through a miniature servo-system.
The Army and Navy resumed their experi-

ments with radio command during the late

thirties, and by 1940 both had developed radiocontrolled planes for use as target drones.
Missiles with elementary preset and command
guidance were used during World War II, but

successful beam-riding, radar and infrared
homing, and inertial guidance systems are all
postwar developments.

Although the Germans had the most spectacular tactical success with guided missiles,
our own Government made considerable progress in research on radar homing, aerodynam-

ics, control of glide bombs and pilotless aircrait. The first homing guided missiles to be
used successfully by any nation were flying BAT

bombs, launched from Navy planes (fig. 1-1).
The code name BAT suggests the principle on
which it operated. Like bats, which give out
short sound pulses and guide themselves by
reflected echoes, the BAT missile was directed
by radar echoes from the target. The missile

was equipped with a radar transmitter and

receiver which enabled it to home on the target.
Figure 1-1A shows the BAT mounted in a glider
type of airframe.
The Awn missile (fig. 1-1B) was controlled

in AZimuth ONly. It was a standard 1000-lb
bomb fitted with an extended tail that carried a

flare, a radio receiver, a gyro stabilizer to

prevent roll, and rudders for steering right and

left. This air-launched missile was used with
great. success in destroying bridges, canal locks,

and similar targets.

The Felix bomb (fig. 1-1C) was automatically

guided by means of an infrared homing device
located in its nose. WW II ended before it was
used in combat.
The Roc missile (fig. 1-1D) combined television equipment for transmitting a picture of
the target to the launchthg plane and a radio.control system for guiding the missile. This was

the first use of television as a method of
guidance. The TDN, a Navy missileusedagainst

the Japanese sea targets and some shoreline
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targets in the South Pacific, also used television-

radio command guidance. The Navy's air -to-

surface guided bomb, Walleye, uses TV contrast
homing guidance.
GUIDED MISSILES IN WORLD WAR II

Ilk

During World War II, theJapanesedeveloped
and used two devices of interest in the history
of guided missiles. One of these was an airlaunched, radio-controlled, rocket-assisted
glide bomb. Its performance was limited. It
had to be launched from a plane at low altitude,
within two and a half miles of the target. This
made the launching planes highly vulnerable
to antiaircraft fire, especially after we began
to use the proximity fuze. The Japanese
dropped this project before the end of the war.
The second Japanese missile was the Baka
bomb. This was a rocket-propelled glide bomb
designed for use against shipping. It carried

a human suicide pilot; for this reason we

can't call it a true guided missile. The Baka

bomb had poor maneuverability, and because

of this we were able to shoot down a great

many of them with antiaircraft fire.
Of the guided missiles used during World
War II, those made by the Germans were the
most advanced, and the most effective. The
V-1 was developed early in the war, and was

4.

successfully flight tested at Peenemunde as
early as the spring of 1942. By 1943, the Peene-

munde center was working on 48 different

antiaircraft missiles. The work was later consolidated into 12 projects in an effort to get the
missiles into production in time to influence
the outcome of the war.
The V-1 was a robot bomba pulsejet midwing monoplane with a conventional airframe
and tail construction. It used gyro stabilization
and preset compass guidance. It was launched
from a ramp with the help of boosters, and had
to reach a speed of about 200 mph before its
developed enough Uu4st to keep it airairborne. Their 1-ton warhead did serious damage, but the V-1 missiles were slow. After
proximity fuzes were rushed to Englandto combat them, about 95% of them were brought down

..

33.2-.5.

Figure 1-1.Early types of guided missiles:

A. Bat, radar guided; B. Aran radio command

guidance; C. Felix bomb, infrared homing
guidance; D. Roc missile, radio-control and
television guidance.

by antiaircraft fire.
The V-2 was a large missile, propelled by
liquid-fuel rockets. Its total weight at launching was over '14 tons, including a 1650 -pound
warhead. It was launched vertically, andpreset
to tilt over to a 41- to 47-degree angle a short
time after launching. When it reached a speed

10
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calculated to take it to the target, its propulsion
Several missiles developed in the United
system was shut down by radio command, and it States were mentioned above with regard to
then traveled a ballistic trajectory. Its accuracy their guidance systems. The Army Air Corps
was not high, and its maximum range was only began the development of guided glide bombs
about 200 miles. But it descended almost in 1941. These included Azon, Razon, Tarzon,

vertically on its target, at speeds of from and Roc. Roc and Tarzon, controlled in azi-

1800 to about 3300 mph. No V-2 missile was muth and range, were developed during WW II
ever intercepted, or shot down by antiaircraft but were not used in combat. Tarzon was used
fire. Because it was supersonic, it would hit successfully during the Korean war.
the target before it was heard approaching.
In 1944, we carried out a glide-bomb misFive other German missiles which were in sion against Cologne, Germany, and a majority
various stages of final testing when the war of the bombs reached the target area. In this
ended, are worth a brief mention:
same year, aircraft were used to control
Rheinbote was a surface-to-surface missile t el evision-sighted, explosive-laden bombers
propelled by a three-stage rocket, withbooster- (called "Weary Willies") unfit for further
assisted take-off. It reached a speed of over service. These radio-controlled bombers saw
3200 mph about 25 seconds after launching, and some service over Germany.
had a range of about 135 miles.
Our first jet-propelled missile was a radioWasserfall was a supersonic surface-toair missile, propelled by a liquid-fuel rocket controlled flying wing of the GORGON series
guided by radio command; speed: 560 mph; of missiles; a later version was a copy of the
German V-1, with a few improvements.
range: 30 miles.

Schmefterling was a smaller version of

Wasserfall, intended for use against low-altitude
targets at ranges up to 10 miles. It carried a
55-pound warhead.

Enzian was another surface-to-air missile,
designed for use against large bomber formations. It was propelled by a liquid-fuel rocket,
and was launched with four solid-fuel booster
rockets.
The X-4 was an air-to-air missile designed
for launching from fighter aircraft as shown
in figure 1-2. It was propelled by liquid-fuel
rockets and stabilized by four fins placed symmetrically. Its range was 1-1/2 miles; speed
560 mph at an altitude of 21,000ft. The X-4 was
guided by commands from the launching aircraft,

through a pair of fine wires that unrolled from
two coils mounted on the tips of the missile fins.

By the end of WWII, the Navy had a number

of guided missile projects in various stages
of development. The Gargoyle was an air-

launched, liquid-rocket engine powered, radio-

controlled glide bomb with a flare for visual

tracking. Another Navy glide bomb the Glomb,
carried a television monitor through which the
pilot of the launching aircraft could observe its

approach to the target; it was guided by radio
command. The Loon was a U. S. Navy version
of the German V-1, intended for shore bombardment. The Gorgon IIC was propelled by a ramjet engine, tracked by radar, and guidedby radio
command. In 1944, the Navy assigned develop-

ment of the Bumblebee project to the Applied
Physics Laboratory of the Johns Hopkins University. This project has produced Terrier,

Tabs, and Tartar.

N4

UNREELS WIRE

Figure 1- 2. Launching

X-4 missile with wire guidance.

83.20

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

Missile developments after
World War II

three letters indicated the intended use of the
missile:

AAMair-to-air missile
ASMair-to-surface
AUMair-to-underwater
SAMsurface-to-air
SSMsurface-to-surface
UAMunderwater-to-air

As we have shown, the principal guided
missile developments during World War II
were German; the United States lagged far behind. Japanese and British missile develop-

ments were insignificant, and as far as we

USMunderwater-to-surface
know, the Russians had none at all. In 1945,
These designations will not disappear from
the Russians captured most of the production
engineers and technicians of the V-2 project, use in the immediate future. Publications will
as well as several tons of missile data and not be revised merely to change missile desperhaps a few V-2 missiles. The design staff ignations, but the new, uniform designations
of the Peenemunde project, including von Braun will be used in new and in revised publications.
and his principal assistants, surrendered to the The new designation indicates the launch enAmericans rather than to the Russians. We vironment (where launched and from what type
captured and shipped to the proving ground at of launching device), mission, delivery vehicle
White Sands, New Mexico, enough intact V- 2s and type, design number, and series symbol of the
spare parts to make, eventually, about 70 com- missile. Attachment 6 to the BUWEPSINST
lists the current designation, former designaplete missiles.
tion, popular name, and service of missiles,
During the first few years after the war, rockets, and probes in all the United States
1othsAirerican and Russian missile effort was services at the time of publication. New mispartially devoted to assimilating the German siles and rockets are assigned the next condevelopments. Our own experitnents with the secutive design number within the appropriate
captured V- 2s provided valuable training for basic mission.
lamching crews, and valuable knowledge of
missile engineering. Our "V-2 Program" ran NEW DESIGNATIONS FOR MISSILES
from March 1948 to June 1951. One of its
principal successes was a high-altitude record
The following table explains the new desof 250 miles, achieved by a WAC-Corporal ign:Mona and lists the Navy missiles and rockets
missile boosted by -a V-2. This record stood with their current and former designations.
for many years.
The design number is a number assigned
to
each
type of missile with the number "1"
Postwar missile developmenthasbeen rapid.
Many missiles are nowoperational; many others

assigned to the first missile developed. For

have been abandoned at various stages of development, or rendered obsolete by more ad-

example, all five modifications of the Terrier

developments here; a list of obsolete missiles
would be longer than a list of those now current.

modifications (Basic and Improved Tartar)have
the design number "24".
To distinguish between modifications of a

CLASSIFICATION OF

BW-0 has been assigned the symbol letter

vanced weapons. We Will not try to cover these

UNITED STATES MEWL=
GENERAL

missile (BW-0, BW-1, BT-3, BT-3A and HT-3)

have the design number "2". Tartar missile

missile type, series symbol letters beginning
with "A" are assigned. Therefore, rthe Terrier

"A" and the Terrier BW- I has been assigned
the symbol letter "B". The series symbol
letter fellows the design number. Incidentally,
to avoid confusion between letters and numbers,

the letters "I" and "0" will not be used.
If neoessary, a prefix letter is included betheir names, such as Sidewinder or Terrier,
foie
the military designation. A list of apevery missile is assigned a desigaation cos.!,
misting of letters and numerals. In the designs- plicable prefix letters is down at the bottom
Although missiles are popularly known by

tion system used meta the recent change of the bible on the following page.
(required by DOD Directive 4000.20 and imple-

mented by stivaparist 8800.2), the first

All Navy missiles are assigned mark (Mk)

and modification (fled) numbers. These numbers
$41
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Navy Missile and Rocket Designations
(Reprinted from Naval Aviation News, September 1963)

Missile Series

Description

Title

Letter

Terrier 13W-0

Air

Air launched.

B

Multiple

C

Coffin

Horizontally stored in a protective en-

H

Silo
Stored
Silo

A

L
11

P
R
U

Capable of being launched from more than
one environment.

closure and ground - launched.
Vertically stored below ground level and
launched from the ground.

Vertically stored and launched from below ground level.
Launched
Launched from a ground vehicle or 'movMobile
able platform.
Partially or nonprotected in storage and
Soft Pad
launched from the ground.
.
launched frau a surface vessel, such as
Ship

ship, barge, etc.
Underwater Launched from a submarine or other
underwater device.

E

Vehicles designed or modified to confuse,
deceive, Cr divert enemy defenses by

Decoy

Special
Electronic

simulating an attack vehicle.
Vehicles designed or modified with elec.

ironic equipment for communications, countermeasures, electronic
radiation sounding, or other electronic recording or relay 1111811101111.

Vehicles *wiped to destroy land or sea
targets.

I

Surface
Attack
Intercept-

Q

Drone

Veddcles designed for target, reconnaissance, ar enradllence purposes.

T

Vehicles designed ar permanently modified for training purposes.
Underwater Vehicles designed to destroy enemy submarines or other underwater targets
Attack
or to detonate underwater.
Weather ..Vahicles designed to observe, record,
or relay meteorological data.

G

U

W

Aerial

Vehicles designed to intercept aerial
targets, defensive or offensive.

Training

lidssile

RIM-2C
RIM -4D
RIM-211
ADM -7A

Tans (6B)

R111-8A

AAM -N -6B
SAM-N-613

RD1-8B
RIM-8C
RIM-8D
RIM-8E
AIM-9A
AIM-9B
AIM-9C

SAM-N-6I3W
SAM-N-6131
SAM- N -6BWI
SAM-N-6C1
AAM-N-7
AAM-N-7
AAM-N-7

AIM-9D

AAM-N-7

Bel**

ASM -N -7
ASM -N -7A

Bullpup Trainer

AGM-12A
A011-1213
AOM -12C
ATM -12A

Bullpup Trainer

ATM -12B

Hawk

11111-23A

Tartar Basic
Tartar Improved
Polaris Al
Polaris A2

1113144A
111314413
UGM-27A
11121-27B
UGIM-27C
BQM-34A

AIM-7B
AIM-7C
AIM-1'D

AIM-7E

Tabs (613W)
Tales (6131)
Tales (611W1)
Tales (11C)

Sidewinder I
Sidewinder IA
Sidewinder
Sidewinder
IC-111

BnlWP
Bullpup

Polaris.A3

Mabee

AQM-34B

Firebee

Mete*

AQM -34C
11QM-36A

signed to move in a trajectory or

flight path all or Ply above the

earth's surface and whore trajectory

Shrike
Condor
Phoenix

can be controlled remotely or by hom-

ing systems, or by inertial and/or
programmed *dance from
This term amine iodide ewe vehicles, space boosters, or liked tor-

Probe

reconnoissance drones.
110n-orblftl instrinested vehicles ed inSolved n *ace nahisionsiliet creased

to penetrate The serespsoe =dratmeat and report dots.

R

Ito -hat

.

Selt-prepillsd velkelet Itlesst

or rends enitrol gekbace

miens, wham trajectory atemot, be .
altered after

M-3
SAM-N-7
SAM-N-7

QIC
KDA-1
XDA-4

EDIR-5

=213-1
RP-78

11(111-311A

ILDB-1

ED60-2
AUM-N-2
ABM -N -10

AS11-N-11
AAMX-11

CT-41

Rocket Series
Weapon Alpha

RUR-4A

MIROC

R1111-11A

pedoes, bit doss triode target and

N

(Martin-Marietta)
ASM-N-7A Ilduson)

AC/11-38B

AQM-41A
XIIIM-411A
UUM-44A
AGM-45A
AGM-53A
AIM-MA
PQM-56A

MIHROC

ASM-N-7B
ASM-N-7

AQM47A

. ZQM-4M
Redeye

Unmanned, seN-propelled vehicles de-

SAM-N-7
SAM-N-7
SAM-N-7
SAM-N-7
SAM-N-7
AAM-N-2
AAM-N-3
AAM-N-6
AAM-N-6A

Sparrow
Sparrow II
Sparrow III
Sparrcw III
Sparrow HI

Petrel

VIDUCLE TYPE SYMBOLS

Gelded

RIM -4A
R111-2B

Terrier BW-1
Terrier BT-3
Terrier HT-3A
Terrier HT-3

IC -BAR

ICBSION SYMBOLS
D

Currezt Designation Former Designation

Popular Name

LAUNCH ENVIRONMENT SYMBOLS

STATOR PREFIX SYMBOLS

J Spend Test

(Temporary)

X Special Test,
(Penaseent)
X Repsrimental
Y Prototype
II

nosh*

Vehicles especiallyconfigered shnply to
accommodate test.
Vehicles sonoodifted they will not be returned to original mos.
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

and the name of the missile constitute the official

nomenclature approved by BuWeps. Missiles
having two-stage propulsion systems (separate
boosters), for instance, the Terrier and Talos,
have one Mk and Mod number for the complete
round. However, the individual missile and

The missile and booster together weigh mire

than a ton. There are 12 launchers in each Nike
battery, which is operated by about 100 officers
and men.
Continued developmental work with the Nike

missile has resulted in improvements in the
booster sections have their own mark and original missile; Two mods of the Nike-

Hercules, the MIM-14A and MIM-14B, are
All missiles in service, an well as most operational. Batteries of Nike-Hercules (reof those still under development, have beer. placing the Nike-Ajax) are deployed in the
modification numbers.

given popular names.
follow this pattern:

Some of these names United States and in Europe (NATO countries
only).

The Nike-Hercules has a range of about

AGM, AIMWinged creatures. Example: 75 miles and a weight of 10,000 pounds. It is
Sparrow, Bat.
capable of carrying a nuclear warhead; it is deRIMMythological terms. Example: Taloa. signed for use against either single aircraft or
UGM, RGMAstronomical terms. Ex- whole formations of aircraft. The missile is
amples: Polaris, Regulus.
27 ft. long; the booster 14-1/2 ft. long. Both
At the present time, most missiles appear use solid propellant. The warhead is provided
to be exceptions to the above "rules." For with a safety feature, so that it can detonate
example, Sidewinder and Bullpup are not winged only at altitudes sufficiently high to prevent
creatures; Terrier is not a mythological term; damage to friendly surrounding terrain.
Asroc and Alfa are not astronomical terms.
Nike-Zeus (SLIM) is an antimissile missile

Many of the air launched missiles are equipped with a nuclear warhead, and designed

named after birds: Falcon, Quail, Hawk, Petrel,
Redhead Roadrunner, Shrike, and Condor. Note

to defend the United States against attack by
enemy intercontinental ballistic missiles. It

that all of these except one (Quail, used as a has a 200-mile range and weighs 22,800pounds.
decoy) are birds of prey marked by character- It is more than twice as long and three times
istics of swift, aggressive action, and therefore greater in diameter than the Nike-Ajax. The
appropriate for missile names.
"X" in its designation indicates that it is ex-

perimental and not yet deployed (at time of this
writing).

CURRENT U.S. szRvrcE MISSILES

The Nike-X is under development; it is

planned to intercept submarine-launched misGENERAL
siles. The most advanced portions of the NikeZeus are used in it.
Because of the rapid developments in the
Hawk ammo is designed to supplement the
guided missile field, the lists given below will Nike missile system by destroying attacking
be out of date before you can read them. Some aircraft at low altitudes. The launching faof the missiles listed may have become ob- cilities are sufficiently portable to be used by
solete. Others, now under development, will fast-moving combat troops. Hawk is propelled
probably be announced.
ARMY MISSILES

by a solid-fuel rocket. The missile is about
17 ft. long, and about 14 inches in diameter.
It has a 22-mile range and weighs about 1275
pounds. Operational mods are deployed in
Europe, Panama, Okinawa, and the U.S.; advanced mods are being produced and tested.
Hawk has intercepted Corporal, Honest John,
and Little Join rockets in flight.

Nike -Ajax (MEM) is the Army's first supersonic antiaircraft guided missile. It is designed
to intercept and destroy attacking enemy aircraft
regardless of evasive action. Nike guided missile units are now deployed around vital inCorporal (WM) may be equipped with either
dustrial, highly populated, and strategic Items a unclear oraa conventional warhead. It was the
of the United Oates. Nike-Ajax is about 20 ft. first guided missile capable of carrying a
low and 1 ft. in disaster, with two sets of fins nuclear warhead. It can engage tactical targets
for guidance and steering. It is boosted to at ranges of 75 miles or more. Corporal gives
supersonic speed by a solid-propellant booster, the Army field commander great firepower on
and maintained by a liquid-ibel sustainer motor? the battlefield, and ambles him to strike selected
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targets deep in enemy rear areas. Corporal

Lance (XMGM) was formerly designated
follows a ballistic trajectory during most of its Missile B. It will replace the Honest John
flight; weather and visibility conditions place no and Lacrosse. Its range is 3 to 30 miles, and
restriction on its use. The propulsion system it carries either a nuclear or a conventional
uses a liquid-fuel rocket motor. The missile warhead. Its high mobility makes it a valuable
travels through space at several times the aid to troops.
speed of sound. Corporal battalions are now
Davy Crockett (MGM) may be mounted on a
deployed in Europe, but are being replaced by jeep, mechanical mule, or armored personnel
the more potent Sergeant.
carrier, and one version may be carried by two
Sergeant (XMGM) is a single-stage, solid- men. It has a sub-kiloton nuclear warhead and
meant as a defensive rather than an offensive
propellant, ballistic guided missile intended to is
weapon.
replace Corporal, with improvements In power,
Redeye is a new development in handrange, and accuracy. It has entirely replaced
carried
weapons. It is a shoulder-fired, solidthe first atomic artillery, the 280-mm "Atomic
propulsion,
heat-seeking missile to be used
Annie," with 8-inch howitzers firing an atomic
against
low-flying
aircraft and helicopters. It
shell.
Redstone (PGM) is a supersonic single-stage is not operational at this time. One model is
ballistic missile with a range of about 200 miles, designed for Marine Corps use.Honest John (MGR) is an unguided rocket
designed to extend and supplement the range and
type
with a 12- to 20-mile range. R has a
fire power of Army artillery. It is deployed in nuclear
warhead. The Army is replacing it
Europe but is being replaced by Pershing.
with
the
Lance. The Marine Corps also forThe Pershing (XMGM) is a two-stage merly used
it.
10,000-lb solid-propellant missile. It is transLittle
John
has a 10-mile range.
ported on a tracked vehicle or helicopter. The It supplements (MGR)
the
heavy
artillery in airborne
Pershing has a 400-mile range, compared to divisions and air-transportable
It
the 200-mile range of the Redstone. Its war- may be replaced by Lance. Itcommands.
may
have
head is nuclear; its trajectory is like that of an nuclear or a high explosive nonnuclear warhead.a
intercontinental ballistic missile.
The Army has several missiles to be used
Jupiter (PGM) was theArmy's intermediate- as drones for target, reconnaissance, or surrange ballistic missile (no longer in service veillance purposes. Redhead Roadrunner

as a missile). Its range is in the order of (MQM), Kingfisher (AQM), and Cardinal (MQM)
1500 miles, and it is propelled by a liquid- are so used.

fuel rocket. In 1958-57 the Navy tried to make
Two missiles acquired from the French are
it a submarine-launched missile, then decided the SS-10 (MGM) and the SS-11 (XAGM). Both
that the liquid propellant system made it =- are wire-guided missiles, principally for antisuitable for submarine use, and dropped the tank use.

project to begin development of the Polaris.
The Jupiter-C (without the warhead, of course),
was used for the Vanguard earth satellite program by providing a back-up satellite launching capability.

Other antitank missiles are the Entac (MGM),
Shillelagh (CMGM), TOW, and M-72 (LAW).

The Shillelagh is the first guided missile to

be fired from a gun tube from which conventional ammunition can also be fired. It is to
Lacrosse (MGM) is used in close tactical be installed on the General Sheridan assault
support Of ground troops. It is an all-weather vehicle, and on assault helicopters.
missile, propelled by a solid-foel rocket motor,
with a maximum range of 20 miles, and capable AIR FORCE MIESILES

of carrying warheads Wily effective In area-

type bOmbing (rather than pinpoint bombing). It
was designed to supplement, and perhaps even-

tudly to replace, cOnventional antipery. The
Lacrf
system includes Qat 4
a
12r012
muented on a shandard Army truck,
and Mier ground equipment. It is operational

Vie,

in

atm" but is being phased Out of inventory,

to be rupileed by lanes.

Matador (MGM) is a tactical missile driven
by a turbojet engine at a speed of 850 mph. It
has a length of about 40 It and a wing span of
about 29 ft. It can carry a nuclear warhead,
and may be guided by radio command or by a
navigational system. Its range Is more than
650 miles. 'radical missile groups armed with
Matador are now deployed in Europe and on
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Formosa, but no more Matador missiles are
being procured; it is being replaced by Mace.
Falcon (AIM) comes in several versions;
one has radar guidance; another hes infrared
homing;

still another has a hybrid infrared

radar guidance. Falcon is a supersonic missile,
propelled by a solid-fuel rocket. It weighs about
100 pounds; and is about 6 ft long. One model

A second liquid- fueled giant is the two-stage
Titan. Titan I (HGM) and Titan II (LGM) are
intercontinental ballistic missiles. In general,
Titan is similar to Atlas, except that Titan has
a second-stage motor. It has the greatest payload and range of any of our ICBMs. Titan II
is being used for the Gemini spacecraft, which

is a three-ton, two-man vehicle planned to
carries a nuclear warhead. At last count, rendezvous equipment in space and assemble
thirteen models were in operational or ex- it, and to test the effect of prolonged weightperimental stages. Its range is about 5 nautical
miles.
Genie (AIR) is a rocket-propelled air defenSe missile that may be armed with a nuclear
warhead with proximity fuzing. Note that it is
classified as a rocket, and is unguided. It was
formerly called Ding -Doug.

Bomarc (C128) is a long-range air defense

missile that can destroy attacking aircraft

at ranges of more than 100 miles and altitudes
above 60,000 ft. The missile is about 47 ft
long, has a wing span of about 18 ft, and weighs
about 15,000 pounds. It is launched vertically
by solid-fuel boosters, and is sustained in flight

by twin ramjet engines. Bomarc B attains a

lessness in man.
One of the most publicized missiles is the

As the name implies,
readiness for prompt firing is an important
Minuteman (LGM).

feature. It is called a second generation ICBM,

which means that it incorporates many improvements over the first ICBMs, the Atlas
and Titan. It is a 5500-mile range, inertially

guided, solid-propellant ballistic missile with
three stages. Numbers of Minuteman missiles
are deployed in hardened and dispersed silos.

Once set up and checked out, the missile is
ready to fire at a moment's notice, requires
very little supporting equipment, and is able
to stand by, ready to fire, for long periods of

head.
Thor (PGM) is the Air Force's intermediate-

time with very little maintenance. Minuteman
II has an improved guidance and control system
and an improved reentry vehicle.
Two types of the Mace are used by the Air

range is over 1500 miles. Thor is provided

Force, one launched from a mobile base (MGM)
and one from hard sites (CGM). Both types are
deployed at sites. It is an air-breathing surface-

speed of Mach 2.7 and has a range of more than

400 nautical miles and carries a nuclear warrange ballistic missile (IRBM). It is propelled
by a liquid-fUel rocket at a speed of Mach 10;

to-surface missile with inertial guidance. It is
turbojet powered and may have either a conventional or a nuclear warhead. The B model
a series of multistage rockets using the Thor has a 1200-mile range. Its predecessor was
missile, has been used for a series of lunar the Matador. The recoverability of training

with an inertial guidance system.
Thor has been phased out as a missile and is
being converted for space boosters. Thor Able,

probes and for carrying a recoverable data missiles was demonstrated with the Mace.
capsule (containing a mouse) over its 6000 Quail (ADM) is an air-launched decoy demile flight range.
signed to confuse enemy defenses. It is de-

Atlas (POM) is an intercontinental ballistic
missQe with a range of more than 5000 miles.
It th launched by rocket engines that develop
many tons of thrust, andmillions ofhorsepower,
within a few seconds. Atlas reaches a top speed
of about Mach 15 more than 10,000 miles an
hour. It will descend on itstuget at that speed,
from a height of about 800 miles. This huge
liquid-propellant missile is launched vertically
from a fixed base. It carries a nuclear warhead. ft is be phased out for missile: use and
being developed' as a launchvehicleforthe space
program. The first Mercury spaceeraftto orbit
the earth, welt Colonel JohnH.GlennJr.aboard,
was boosted tub orbit by an Atlas booster.

ployed at SAC bases, tobecarriedbyB -52s. Its
range is about 200 miles; the turbojet powered
advanced version has a range of about400miles.
Hound Dog (AGM) is launched by intercontinental bombers. It is an air-breathing,

air-to-surface standoff missile with a range

of over 500 nautical miles. The B version has
a nuclear warhead, and isturbojetpowered.
Missiles that are used by the Air Force and
the Navy are Bullpup, Sidewinder, Sparrow III,
and Shrike. These are described In the nut
section.
In the process of developing and perfecting
are dropped from the program.
Two examples are the Spark, begun about the
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same time as the Matador, and the Rascal. The
Snark was actually a pilotless aircraft and the
Rascal was a rocket-powered missile.
NAVY MISSILES

Sidewinder (AIM) (fig. 1-3) is probably the
simplest and cheapest of all guided missiles.
It is about 9 ft long, and weighs about 155 pounds.

It has only about 24 moving parts, and no more

electronic parts than a table radio. It attains

a speed of Mach 2 relative to the launcher, and
a range of several miles; it is. designed to

destroy high-performance aircraft from sea
level to altitudes above 50,000 ft. It has an

infrared homing system. Sidewinder was named
after a desert rattlesnake. (The Sidewinder

snake, like all of the pit vipers, has infrared
receptors on its head that enable it to detect
the presence of prey by its body heat.) Sidewinder is now the primary airborne missile
used by squadrons in the Sixth Fleet in the
Mediterranean, and the Seventh Fleet in the
Western Pacific. The Sidewinder-1C version

has an improved rocket motor and has switchable guidance, infrared or radar-guided. The

physical appearance of the improved Sidewinder is very similar to that of its predecessors but its performance is quite different.
The Air Force also uses the Sidewinder missile.

Sparrow I (AIM) is 12 ft long and weighs
300 pounds; it reaches a speed of Mach 2.5
relative to the launcher, within a few seconds
after launching. It is provided with beamrider guidance, and is propelled by a solid-fuel
rocket. Navy planes can carry two to four of

the missiles, and can fire them singly or in
salvos.
Sparrow II (AIM) was developed as an experimental missile, and not intended to become
operational. It has, however, been adopted for

operational use by the Royal Canadian Air
Force.
Sparrow III (AIM) is very similar to Spar-

row I, but with a much more sophisticated
semi-active CW homing guidance system. It is
slightly heavier than Sparrow I, a little faster,
144.1
and has a longer range. It will first supplement, Figure 1-3.Pilot in high- altitude flight suit
and then replace Sparrow I in the fleet.
stands beside the Sidewinder missile.

Sparrow III (AM) is also used by the Air
Force. Several versions of Sparrow III are in
use, and research is continuing to improve the
missile fUrther. Temperature - resistant ex-

sistance to countermeasures, and longer electrical power burn time are improvements include&
in the Sparrow M.
plosives, greater seeker sensitivity, greater
Petrel (AQM) is newly obsolete; although a
range, higher maxim= altitude, increased re- few of these missiles may still be found in the

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS.

fleet, they are no longer in production. Petrel

is a subsonic missile with radar homing,

powered by a turbojet engine. Its payload is
not a warhead, but a homing torpedo. As its
designation indicates, it is now used as a
drone.
Bul 1pup (ASM) is 11 ft long and weighs
about 540 pounds. It is relatively inexpensive,

simple b design, and extremely accurate.

Providence, and Springfteld the attack aircraft carriers Kit :t,1±,merica and Con-

stellation; the nuclear -power cruiser Long
Beach; on frigates, plus several destroyers of
all DLG classes.
Advanced Terrier is quite different from the

early Terrier. A nuclear warhead is available
for it, and improvements have been made in

Bullpup is a tactical missile with a conventional

the conventional explosive warheads. Important
changes have been made in the control system,

aircraft against small targets such as pillboxes
tanks, and truck convoys, in support of ground
troops. It is powered bye solid-fuel rocket, and
has a range of 15,000 ft at a speed of Mach 2.

indispensable for its operational use.
Although considerably smaller, the Tartar
(RIM) is similar in function to Terrier, except
that it is propelled by a dual-thrust rocket, and

warhead, designed for use by carrier-based

Bullpup B is a big brother version of the
original missile. It is longer, heavier, faster
(with a consequently greater range) and carries
a 1000-lb warhead instead of a 250-lb warhead.

It is not intended to replace Bullpup A, but to
complement it. Many of the components are
interchangeable. The Bullpup B has an allweather capability which the A did not have; it
can locate and destroy its target in foul weather,
at night, or in poor visibility.
One version of Bullpup has a prepackaged
liquid motor and a nuclear warhead. Several
years of research were needed to produce a fuel
combination with good storage properties, and
reliability, that could be handledwithsafety. Not

all problems with the liquid propellant engine
have been solved.
Bullpup is also used by the Air Force.

which, although not a part of the missile, is

is launched without a separate booster. The
Tartar system, designed for DD's, is installed
aboard the guided missile destroyers numbers
2 through 24, and aboard the cruisers Chicago,
Columbus, and Albany. At present writing, six
destroyer escorts (DrGs) also are to be armed
with Tartar missiles. On cruisers, it supplements the Talos missile. Its launching system
is compact and rapid firing, which makes it

adaptable to destroyers, and even smaller
ships. Figure 1-5 shows a Tartar missile

leaving the launcher, which holds two missiles.

A smaller model launcher holds only one

Tartar missile at a time.
Talos. (RIM) (fig. 1-6) is a two-stage missile designed to bring down enemy aircraft
and missiles at ranges of 65 miles or more.
It is 20 feet long, and weighs 1-1/2 tons. It is
launched with solid-fuel boosters, and is sustained in flight by a ramjet; it reaches a speed

The Navy's 3 Ts Terrier, Talos, and
Tartarhave undergone many Changes since in excess of Mach 2 within about 10 seconds of
their inception. The Typhon program, which launching. It can be used with either a nuclear
was to incorporate all three missiles into warhead or a conventional warhead. During the
one system, has been set back for further re- first part of its flight, Talon is a beam rider.
search. New research is going on to develop
a system in which the 3 Ts can be used as part As it approaches its target, it switches over

homing guidance. Talos systems are installed
of a system, possibly using the same launching to
on
the cruisers Galveston, Little Rocky Oklasystem.
homa
Eft, Albany, Columbus, Chicago, and
Our first missile ship, the U.S.B. Glatt
Beach.
(DDG-1), was equipped with Terrier mis
(tTGM) (fig. 1-7) is the Navy's

Terrier (RIM) (fig. 1-4) is a supersonic intermediate-range ballistic missile, with a
range up to 2500 miles. It is designed for
launching either from surface ships or from
submerged submarines, for bombardment of

beam-riding antiaircraft missile with a range
of more than 10 miles. (The HT-3 Terrier
uses semi-active homing guidance.) It is
launched by a solid-fuel booster rocket, and
is propelled by a solid-fuel sustainer ;oast.
Terrier is about 15 feet long without its
booster, and weighs 1-1/2 tons. Terrier
batteries have been installed on the guided
missile cruisers Boston, Canberra, Topeka;
.4

shore targets. It is propelled by solid fuel. At

present, nineteen submarines capable of launching Polaris are operational. Each submarine

carries 16 missiles. At this time, developmental work on the Polaris is centered on improvement of the submarine-launched missile.
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Figure 1-4.Terrier missiles and launchers.

Three versions of Polaris have been de-

veloped:

A-1, A-2, and A-3. The A-1 and A-2
are operational; the A-3 has been successfully

tested and soon will be aboard submarines,

33.262

The emphasis currently is on antisubmarine
warfare (ASW), and several weapons are being
developed or improved.
Although Asroc (RUR) is rota guided missile,

replacing the older mods. ThePoseidon missile but a rocket-propelled torpedo or a depth
is being developed from the Polaris technology. charge, it is one of the important missiles of
The increase in range, from 1500 miles for the Navy. It is part of the missile armament
the A-1 to over 2500 miles for the A-3, is one of many destroyers, including destroyer escorts,
of the most striking improvementse With their and of four cruisers. One form of the Asroc
nuclear warheads, Polaris submatines can de- is a surface-ship launched, rocket-propelled
live a blow on the enemy which can eliminate homing torpedo and the other is a nuclear depth

several large industrial areas within minutes
after an attack on the United States.

charge, also rocket propelled. Both forms can
be fired from the same deck-emplacedlauncher.
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Figure 1-5.Tartar missile leaving launcher.
Some destroyers have the DASH (Destroyer

to our Weapon Alfa (formerly called Weapon

Anti-Submarine Helicopter) system, which de-

Able), which is being phased out.
Other missiles of the Navy in various stages
of development and use are:
Shrike (AGM), an antiradiation missile with
passive radar homing, which was formerly called

livers the Asroc to the target by means of a
remote-controlled helicopter.

An Advanced

Asroc is under development.

Two other antisubmarine weapons are the
Astor and Subroc (UUM). Astor is a wire-

ARM. The Air Force also plans to use it.
Walleye (AGM), an air-to-surface glidebomb
with TV guidance controlled by a pilot in the

guided torpedo and Subroc is a submarine

rocket fired from a torpedo tube. Subroc was
installed on the ill-fated submarine Thresher, mother plane, no propulsion, but a powerful
and is being installed on other submarines of the conventional warhead. It has shown amazing
accuracy at a range of several miles.
Thresher class.
Zuni, a Navy and Marine Corps rocket,
An antisubmarine surface-to-underwater
missile developed and built in Norway, the Terne, air-to-surface, has a 5-mile range. It can be
is being purchased by the Navy to install armed with various heads, including flares,
on two destroyer escorts. It is comparable fragmentation, and armor piercing.
20
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Figure 1 -8. Talcs missiles on launcher aboard ship.
Condor (AGM) is a long-range missile de-

signed to enable aircraft to destroy tactical
targets chile outside the range of .enemy defenses. A gyro-stabilized tzlevision camera
is the target seeker.
.

3.143

Phoenix (AIM) is a long-range air-to-air
missile designed to be carried by the TFX
.

Navy plane.

Figure 1-8 shows the configurations of

some Navy missiles and rockets.
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Figure 1-7.Polaris.
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Figure-1- 8.Navy missiles and rockets; comparative sizes and silhouettes.
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CHAPTER 2

FACTORS AFFECTING MISSILE FLIGHT
A. INTRODUCTION
GENERAL

A guided missile, by definition, flies above

the surface of the earth. Aerodynamic longrange missiles, as well as all missiles of short

briefly summarized. A detailed study of air in
motion, and the mathematical analysis of the
various forces present, are beyond the scope
of this text. The discussion will be general
and qualitative, and no mathematical development will be attempted.

In general, missile aerodynamics are the
same for both subsonic and supersonic flight.
flight to the forces imposed by the earth's at- The basic requirement is common to all craft
mosphere.
Ballistic missiles, though they intended to fly: in order to fly successfully,
follow a trajectory that takes them into space,. the craft must be aerodynamically sound. But
must climb through the atmosphere after launch- the high speeds and high altitudes attained by
ing, and must descend through it before strik- current guided missiles give rise to new proband medium range, are subject throughout their

ing the target.

All missiles are subject to

gravitational and inertial forces. This chapter
will briefly discuss the principal forces that
act on a guided missile during its flight. It
will show how the missile trajectory may be
controlled by designing the missile airframe

and control surfaces to utilize or overcome

the forces acting on them.
Before proceeding further, some brief definitions may be helpful.
Aerodynamics may be defined as the science

that deals with the motion of air and other
gases, and with the forces acting onbodies moving through these gases. An aerodynamic mis-

sile is one that uses aerodynamic forces to
maintain its flight path. A ballistic nliadle
does not depend upon aerodynamic surfaces to
produce lift; it follows a ballistic trajectory

lems not encountered by most conventional aircraft. An example is the shock wave that is
produced when a flying object attains the speed

of sound. Problems of oxygen supply for air
breathing missiles arise at high altitudes, and
problems of skin heating by friction with the air
arise at high speeds, and upon reentry into the
earth's atmosphere.
THE ATMOSPHERE

As mentioned above, the earth's atmosphere
extends upward about 250 miles. Although there
are some differences of opinion as to where the

atmosphere ends and space begins, the limit
defined,is generally accepted. The atmosphere

is quite definitely divided into three layers,
after thrust (from its booster) is terminated. troposphere, stratosphere, and ionosphere (fig.
A guided missile can alter its flight path by - 24), eachwith its distinct characteristics.
means of internal or external mechanisms.

The earth's atmosphere is a gaseous envelope surrounding the earth to a height of

CHARACTERISTICS OF THE ATMOSPHERE

roughly 250 miles. The characteristics and
properties of the atmosphere change with altitude, and therefore missile flight is affected

One of the most important characteristics
of the atmosphere is the change in air density

differently.
An understanding of missile aerodynamics

With increasing altitudes the density of the
air decreases significantly. At sea level, the
deneity of air is about .076 pound per cubic
foot. '.At 20,000 feet, air density is only about

requires a familiarity with several of the

basic laws of physics. These laws will be

with a change in altitude.
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The procedure then repeats itself-that is, a

second temperature minimum is reached, and
then, after a short constant-temperature zone,
it starts rising again. These temperature minimums mark the boundaries between the three
regions of the atmosphere: thetroposphere, the
stratosphere, and the ionosphere, shown in
figure 2-1.
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atmosphere and extends from the surface of the
earth to a height of 10 miles. It is made up of
99% nitrogen and oxygen by volume, and accounts

for three-fourths of the weight of the atmos-

phere. Within this layer temperature decreases

with altitude, and
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Figure 2-1.-Atmospheric regions.

ft is

in this layer that clouds,

snow, rain, and the seasonal changes exist.

33.21

Because of the high density of the troposphere, aerodynamic surfaces can be used efficiently to control missiles in this region, and
propellers are practical for low. speed power
plants. However, this high density causes a

.0405 pound per cubic foot. Because of the
gradual decrease in air density with altitude,
a missile flying at 35,000 feet encounters less

air resistance-that is, has less DRAG-than

does a missile flying close to sea level.
The absolute pressure existing at any point

in the atmosphere also varies with altitude.

The pressure acting-on each square inch of the

100

NoY

80

1

Therefore, absolute pressure decreases with

increased altitudes.
Another' characteristic of the atmosphere
which varies with altitude is temperature (see
figure 2-2). However, unlike 'density and pressure, temperature does not vary directly with
altitude. From sea level to about 10 miles,. the
temperature drOps steadily. at .a rate of approxi-

mately 3.1/2° F per thousand -feet( It then remains fairly -*ccinstant At -67°
up to about
105,000 feet. .Then it inCreases'at4 steady rate
until -another. -Constant-teMperature zone is
reached. Thia.zone -lasts for several miles at
which point the temperature starts decreasing.
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earth's surface at- sea level is actually the

weight of a column of air one inch square, extending from sea' level to the outer limits of the
atmosphere. On a mountain top, this column of
air would be shorter, and-thus the weight (pressure) acting on each square inch would beless.
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Figure 2-2.-Temperature varies indirectly
with altitude.
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large amount of drag. The dense lower atmosphere slowed down the German V-2 from 3300
to 1800 mph. At extremely high speeds the friction caused by this dense air produces such high
skin temperatures that ordinary metals melt.
Stratosphere

The stratosphere is the layer of air above

the troposphere. Its upper limits are around 40
to 50 miles above sea level. In this region
temperature no longer decreases with altitude
but stays nearly constant and actually begins to
increase in the upper levels. Higher temperatures in the upper levels are caused by ozone,
which is heated by ultraviolet radiation from the
sun. (Ozone is a gas which is produced when
electricity is discharged through oxygen.) The

composition of the stratosphere is similar to
that of the troposphere; however, there is practically no moisture in the stratosphere.
Propeller-driven vehicles cannot penetrate this

information about them is conjecture. The

sphere or layer immediately above the ionosphere has been named the mesophere and is
believed to contain many mesons and other
cosmic particles. A meson is an unstable

particle, between electron and proton in mass,
first observed in cosmic rays. Two types
have been identified as mesons, 1r mesons and At

mesons. Some are positively charged, and
evidence indicates that some are neutral. An-

other theory is that mesons are the binding
energy between protons and neutrons.
Space beyond 600 miles is called the exosphere. It is approximately 1/3000 of the earth's

atmosphere in terms of mass. Air particles
are few and far apart in this area.
Much information about the upper air has
been transmitted to earth from orbiting satellites, which carried instruments to measure
radiation, temperature, meteorites and micrometeorites, and weather information.

region because of the low air density, and
aerodynamic surfaces have greatly reduced

PHYSICS OF FLIGHT

effect in controlling missiles.
Ionosphere

Above the stratosphere and ranging up to
about 250 miles above sea level is the ionosphere. This is a region rich in ozone and
consists of a series of electrified layers. The
ionosphere is extremely importint because of
its ability to refract (bend) radio waves. This
property enables a radio transmitter to send
waves to the opposite side of the world by a
series of refractions and reflections taking
place in the ionosphere and at the surface of
the earth.
The characteristics of the ionosphere vary
with daylight and darkness, and also with the
four seasons. Until recent years we have
known very little about the physical characteristics of this region. During thr, past few years
many' instrument-carrying rockets have been
sent into the ;ionosphere to obtain information

FORCES ACTING ON A MISSILE
IN FLIGHT

The flight path of a missile is determined
by the forces acting upon it. Some of these

forces are due to nature; others are man

The natural forces are not fully controllable but their action on the missile can be
modified by causing the missile to fly slower
or faster, higher or lower, adding (or removing) control surfaces such as wings and fins,
made.

increasing the propelling force, and similar

control. Although natural forces are not fully
controllable, they are to a considerable extent
predictable. Various combinations of natural
forces and manmade forces produce different
effects on the missile flight path.
Gravity, friction, air resistance, and other
factors produce forces that act on all parts of
a missile moving through the air. One such

is that which the missile exerts on the
about the temperatures, the pressures, the force
air
as
moves through it. In opposition to
composition of the air, and the electrical char- this is itthe
force that the air delivers to the
acteristics of the various layers.
The lower part of the ionotipheie (20 to 60
miles up) is sometimes calledthechemosphere.

Higher Atmospheres
The reaches of space beyond the ionosphere
have not been fully 'explored and .much of the

missile. The force of gravity constantly attracts the, missile toward the earth, and the
'missile must exert 'a corresponding upward

force to remain in flight.
FigUre 2-3A illustrates the forces acting on

a, body in level flight through the air, at a
uniform speed. Note that the force tending to

Chapter 2FACTORS AFFECTING MISSILE FLIGHT

A

FORCE OF

GRAVITY

FORCE
OPPOSING
MOTION

FORCE DUE

TO MOTION
RESULTING
DIRECTION
OF MOTION
FORCE
OPPOSING

GRAVITY

144.3

Figure 2-3.Forces acting on a body moving through air: A. Equal forces; B. Unequal forces.
produce motion (toward the left) exactly balances that resisting the motion. The force of
gravity is exactly opposed by the lifting force.
In accordance with Newton's first law (discussed below), a moving body on which all
forces are balanced will continue to move in
the same direction and at the same speed.
Figure 2-3B illustrates the effect of unbalanced forces acting on a body. The length of

the arrows is proportional to the respective
magnitude of the forces, and the arrowheads
point in the direction in which these forces
are applied. The illustration shows that forces
A and B are equal and opposite, and that C and
D are equal and opposite. But force F is opposite

to and greater than force E. As a result, the

body shown will accelerate in the direction of

j force F. This figure is an example of vector

representation of the forces acting on a body.
Any number of forces may be shown by vector
representation.
They can be resolved, or
simplified, into resultant force that is the net
effect of all the forces applied.

ing force exerted by the air is entirely the

result of the missile motion through it. But if

it were possible for an observer to ride the

missile itself, it would appear that the missile

is standing still, and that the air is moving

past the missile at high speed.

This illustrates the basic concept of relativity of motion. The forces that the air exerts

on the missile are the same, regardless of

which is considered to be in motion. The force
exerted by the air on an object does not depend
on the absolute velocity of either but only on
the relative velocities between them. This
principle can be put to good use in the study of

missile aerodynamics, and in the design of
missile airframes and control surfaces. In a
wind tunnel, the missile or model remains
stationary, while air moves past it at high
speed. The measured forces are the same as

those that would result if the missile, or model,
were moving at the same relative speed through
a stationary mass of air.

Note that in the illustration, forces are acting
on a spherical body. By changing the share of

NEWTON'S LAWS OF MOTION

be modified. These effects are discussed later
in the chapter.

and space age (1842-1727), the laws of motion
which he discovered and formulated are valid
for missiles and other objects passing through
the atmosphere.
Newton's first law states: "A body in a

the body acted upon, the action of the forces can

RELATIVITY OF MOTION

..1(4

To an observer standing on the ground and
watching the flight of a missile through the air,

it appears that the missile is moving and the
air standing still. It would seem that the oppos-

rp 27'

Although Newton lived long before the missile

state of rest remains at rest, and a body in
motion remains in uniform motion, unless
acted upon by some outside force." This means

that if an object is in motion, it will continue

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

Force = Mass times Acceleration,

in the same direction and at the same speed
until some unbalanced force is applied. And,

whenever there are unbalanced forces acting
on an object, that object must change its state
of motion. For example, if you were to push
against a book lying on a table, you would have
to supply sufficient force to overcome friction
in order to set the book in motion. If you

would eliminate all of the restraining forces

acting on the book once it is in motion, it would
continue to move uniformly until acted upon by

some outside force. It is these restraining
forces with which we are mainly concerned in
the study of aerodynamics.

Or

F= ma
Thus any object in motion is capable of exerting a force. Whenever a force is applied through
a distance, it does work. We can express this
as:
Work = Force times Distance
Or

W = Fd
Newton's second law states: "The rate of
change in momentum of an object is proporAny mass that is in motion is capable of
tional to the force acting on the object, and in
applying
a force over a distance, and therethe direction of the force.' The momentum of
fore
of
doing
work. Whenever the motion of a
force
that
an object may be defined as the
object would exert to resist any change of its mass is changed, there is, in accordance with
motion.

Newton's second law, a change in momentum.

Newton's third law states: "To every action
there is an equal and opposite reaction.' This
law means that when a force is applied to any

LIFT AND DRAG

object, there must be a reaction opposite to
and equal to the applied force. If an object is
in motion, and we try to change either the
direction or rate of that motion, the object
will exert an equal and opposite force. That
force is directly proportional to the mass of
the object, and to the change in its velocity.
This can be stated as:

Figure 2-4 represents a flat surface moving through an airstream. In accordance with
the principle of relativity, the forces acting on
the surface are the same, zegardlessof whether

we think of the surface as moving to the left, or of

the airstream as moving to the right. One of

the forces acting on the surface is thatproduced

by friction with the air. This force acts in a

direction parallel to the surface, as indicatedby

144.4

Figure '2-4Forces acting on a flat surface in an airstream.
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the small white arrow at the lower right. As the the top than on the bottom
of the wing. This
air strikes the surface, the air will be deflected
differential tends to force the wing
downward. Because the air has mass, this change pressure
in its motion will result in a force applied to the upward, and gives it lift.
2-5 represents the general shape
surface. This force acts at a right angle to the of aFigure
section
of the wing of a conventional airsurface, as indicated by the long black arrow in craft. In such
the major part of
figure 2-4. The resultant of the frictional and the necessary liftanisaircraft,
provideckby
deflection forces, indicating the net effect of the effect. As we will explain later, the Bernoulli
a wing of this
two, is represented by the long white arrow. The shape is not suitableibr
use
on
missiles
flying
horizontal component of this force operating in at or above the sp-eed of
sound.
None
of the
a direction opposite to the motion of the surface,
missiles listed in chapter 1 depends on
is drag. The vertical force, operating upward, Navy
is lift. The angle that the moving surface makes a wing of this shape for lift. All of them get
necessary lift entirely from the angle of
with the airstream is the angle of attack. This the
attack,
as illustrated in figure 2-4.
angle affects both the frictional and the deflection
Air
tends
to cling to the surface of the plane.
force, and therefore affects both lift and drag.
This
thin
region
Another scientist, Daniel Bernoulli (1700- boundary layer. of nearly static air is called a
Within the boundary layer the
1782), discovered that the total energy in any
velocity ranges from zero at body surface
system remains constant. That is, if one ele- fluid
ment in any energy system is decreased, another to free-stream velocity a short distance away.
Sudden changes in velocity, density, and presincreases to counterbalance it.
This is called Bernoulli's theorem. Air sure cause disturbance waves in the flow in the
flowing past the fuselage or over the wing of a boundary layer. If the flow is smooth, it is said
guided missile forms a system to which this to be "laminar;" if it is disturbed it is called
theorem can be applied. The energy in a given "turbulent," and skin friction is greater than in
flow. If the surface is rough, the turbuair mass is the product of its pressure and its laminar
velocity. If the energy is to remain constant, lent layer is increased and skin friction is
it follows that a decrease in velocity will produce greater. Even a comparatively insignificant
an increase in pressure, and that an increase in proturbance on the surface, such as rivet heads,
velocity will produce a decrease in pressure. can produce turbulent flow. The term "streamhas come to describe the technique of
Figure 2-5 represents the flow of air over lining"
designing
shapes to give low resistance or drag
a wing. section. Note that the air that passes
and
prevent
delay boundary-layer turbulence.
over the wing must travel a greater distance In supersonicorconditions
the formation of shock
than air passing under it. Since the two parts
waves causes the boundary layer to thicken at
of the airstream reach the trailing edge of the the
point of contact with the shock wave and
wing at the same time, the air that flows over
aerodynamic
pressure can be transmitted forthe wing must move faster than the air that
flows under. In accordance with Bernoulli's ward through the boundary layer. Boundary layer

theorem, this results in a lower pressure on

LIFT
PRESSURE DECREASED

AIR PI ES UP

AIR FLOW VELOCITY

INCREASED
BOUNDARY

LAYER
NORMAL

AIR
FLOW

PRESSURE INCREASED

THRUST

DRAG

NORMAL

AIR
FLOW

Xi*/ VELOCITY
DECREASED SLIGHTLY

33.38

Figure 2-5.Air flow over a wing section.

WEIGHT OF MISSILE

33.23

Figure 2-6.Forces acting on a movingmissile.
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effects and shock waves are present sideby side
in supersonic flow and their effects contribute
to each other. A very small shock wave is
sufficient to disturb the flow over an entire wing
surface behind it. Since lift depends on the flow
of air past the surface, reduction inflow produces a reduction in lift. The boundary layer effect
has been reduced by using highly polished surfaces, asfree as possible from any irregularities.
A complete and precise theoretical explanation
of the processeswhich cause a lamimuy boundary
to become turbulent has not been formulated.

ATTITUDE. This term refers to the orientation of a missile with respect to a selected
reference.
STABILITY.

A stable body is one that

returns to its initial position after it has been
disturbed by some outside force. If outside
forces disturb a stable missile from its normal
flight attitude, the missile tends to return to
its original attitude 1when the outside forces
are removed. If a body, when disturbed from
its original position, assumes a new position
and neither returns to its origin nor moves
any farther from it, the body is said to be
AERODYNAMIC FORC ES
stable. If the attitude of a neutrally
All present day guided missiles have at neutrally
stable
missile
is changed by an outside force
least part of their flight paths within the earth's or by a change
in its controls, the missile
atmosphere; therefore it is important that you remains in the new
position until other forces
understand the principles of aerodynamics.
The principal forces acting on a missile in influence it.
A third type of stability is negative stability,
level flight are THRUST, DRAG, WEIGHT, and
instability. In this case a body displaced
LIFT. Like any force, each of these is a vector or
from
original position tends to move even
quantity which has magnitude (length)and direc- fartheritsaway.
For example, if an unstable airtion. These forces are illustrated infigure 2-6. craft is put into
a climb, it tends to climb more
When the missile is not flying in a straight
line, an inertial force, termed centrifugal force,
acts on the missile. In a turn maneuver, this
causes an acceleration greater than gravity, and
the missile weight and centrifugal force combine
to form the resultant force.
TERMINOLOGY

A discussion of the problems of aerody-

namic forces involves the use of several flight
terms that require explanation. The following

and more steeply until it stalls.

MISSILE MOTIONS. Like any moving body,

the guided missile executes two basic kinds of

motions: ROTATION and TRANSLATION. In
pure rotation all parts of the body pivot about
an imaginary axis passing through the center of
gravity (fig. 2-7), describing concentric circles

around the axis. In movements of translation
(linear motions), the center of gravity moves
along a line and all the separate parts follow
lines parallel to the path of the center of gravity.

definitions are intended to be as simple and
basic as possible. They are not necessarily

the definitions an aeronautical engineer would
use.
,AIRFOIL. An air;o4 is any structure around

YAW
ROTATES ON

VERTICAL AXIS

which air flows in a manner that is useful in
controlling flight. The airfoils of a guided
missile are its wings or fins, its tail surfaces,
PITCH

and its fuselage.
DRAG is the resistance of an object to the
flow of air around it It is due in part to the
boundary layer, and in part to the piling up of
air in front of the object. One of the problems

ROTATES ON

LATERAL AXIS

of missile design is, to reduce drag while

ROLL
ROTATE! ON
LONGITUDINAL
AXIS

CENTER OF GRAVITY

maintaining the required lift and stability.
STREAMLINES are lines representing the
path of air particles as they flow past an object,

39.22

Figure 2-7.Missile axes;, flight attitude of
a guided missile.

as show in figure 2-5.
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All the partshave the same velocity and the same
direction of movement, as in forward movement.
Any possible motion of the body is composed of
one or the other of these motions, or is a combination of the two.
The three axes of rotational movement are

less than the pressure on the underside. The

amount of lifting force provided is dependent to
a large extent on the shape of the wing. Additional factors which determine the amount of lift
are the wing area, the angle at which the wing
is inclined to the airstream, and the
represented in figure 2-7 as pitch, yaw, and surface
density
and
speed of the air passing around it.
roll. The missile ROLLS, or twists, about the The airfoil that
gives the greatest lift with the
longitudinal axis, the reference line running least drag in subsonic flight has a shape
similar
through the nose and tail. It YAWS, or turns to to the one illustrated in figure 2-8.
right of left, about the vertical axis. PITCH, or
Some of the standard terms applied to airturning up or down, is a rotation about the lateral foils are included in the sketch.
The foremost
axis the reference line in the horizontal plane edge of the wing is called the leading
edge, and
running perpendicular to the line of flight. that at the rear the trailing edge (fig. 2-8A).
A
Rotary motions about any of these three axes are straight line between the leading andthetrailing
governed by the steering devices of the missile, edges is called the chord.
The distance from
such as the aerodynamic control surfaces. A one wingtip to the other (not shown)
is known as
fourth motion is necessary for control as well as the SPAN. The ratio of the span to the average
for flight. This is the motion of translation, the chord is the ASPECT RATIO. The
angle of
forward movement resulting from the thrust incidence (fig. 2-8B) is the angle between
the
provided by the propulsion system.
wing chord and the longitudinal axis of the fuseAXES.. A missile in normal level flight can
In figure 2-8C, the large arrow indicates
be considered to move about three axes, as lage.
the
relative
wind, the direction of the airflow
shown in figure 2-7. Whenever there is a dis- with reference to the moving airfoil.
The angle
placement of a missile about any of these three of attack is the angle between the chord
and the
axes, the missile may do any one of the follow- direction of the relative wind.
ing:

1. It may oscillate about the axis (oscilla-

Center of Pressure

2. It may increase its displacement and get

The relative wind strikes the tilted surface,
and as the aiy flows around the wing, different
amounts of rating force are exerted on various
points of the airfoil. The sum (resultant) of all

tion).

out of control.

3. It may return to its original position
readily, without oscillation (damping).
The last possibility, which indicates a stable
missile, is the one desired. We will show later
how this problem of stability is met in missile
design.
EFFECTS OF AERODYNAMIC FORCES

these forces is equivalent to a single force

(A)

The aerodynamic forceslift, drag, weight,
and thrustmust all be considered in missile

design in order to take advantage of the forces
and make the missile fly as intended.

LEADING
EDGE

ANGLE OFINCIDENCE

(B)

LONGITUDINAL AXIS
OF FUSEL AGE

Lift

Lift is produced by means of pressure differences. There are dynamic pressures, or the
pressure of air in motion, ahil. differences in
the static pressure of the atmosphere; which is
exerted-by the weight of the coldmn of airlbove
the missile. DYnando Pressure is the primary
factor contributing to, lift. :The air pressure on
the upper surface of an airfoil (wing) must be

TRAILING EDGE

4

ANGLE OF ATTACK
4ANGLE OF INCIDENCE CENTER OF PRESSURE

'RELATIVE

LONGITUDINAL AXIS
OF FUSELAGE

WIND

33.24

figure 2-8.Standard nomenclature applied
to airfoils.
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acting at a single point and in a particular
direction. This point is called the center of
pressure. From it, lift can be considered to
be directed perpendicular to the direction of

C EN T_E_R_ OF_

LOW ANGLE

....ZREGGURE

OF ATTACK

the relative wind.

The dynamic or impact force of the wind
against the lower surface of the airfoil also

MEDIUM
B ANGLE OF
ATTACK

contributes to lift, but no more than one-third
of the total lift effect is provided by this impact
force.
As we have shown, the resultant force on a
wing can be resolved into forces perpendicular
and parallel to the relative wind; these components are lift and drag. If a missile is to
continue in level flight, its total lift must equal
its weight. As the angle of aftackincreases, the
lift increases until it reaches a maximumvalue.
At the-angle of maximum lift, the air no longer
flows evenly over the wing, but tends to break
away from it. This breaking away (the burble

point) occurs at the stalling angle.

HIGH ANGLE

C OF ATTACK,
NEAR BURBLE

POINT
HIGH ANGLE
OF ATTACK,
11 BEYOND

n

BURBLE
POINT

If the

angle of attack is increased further, both lifting
force and airspeed decrease rapidly.

33.24

Figure 2-9.Effect of angle of attack on center
of pressure and air flow.

Angle of Attack

In actual flight, a change in the angle of
attack will change the airspeed. But if for
test purposes we maintain a constant velocity
of the airstream while changing the angle of
attack, the results on a nonsymmetrical wing
will be as shown in figure 2-9. The sketches

has an upward and backward direction (fig.
2-9)). At a positive angle of attack of about 3°

or 4°, the resultant has its most near* vertical
direction (fig. 2-9A). Either increasing or decreasing the angle causes the direction of the

show a wing section at various angles of resultant to move farther from the vertical.
attack, and the effect of these different angles
on the resultant force and the position of the
center of pressure.

Drag
Drag is the resistance of air to motion through
it. The drag component of the resultant force on
a wing is the component parallel to the direction
of motion. This force resists the forward motion
of the missile. If the missile is to fly, drag must
be overcome by thrustthe force tending to push
the missile forward. Drag depends on the missile
area, the air density, and the square of the

The burble point referred to in the lower
sketch is the point at which airflow over the
upper surface becomes rough, causing an
uneven distribution of pressure. The burble
point is generally reached when the angle of

attack is increased to about 18° or 20°. At this
angle of attack the separation point is placed so
near the leading edge that the upper airflow is
disrupted and the wing is in a stall (fig. 2-9D).
At moderately high angles of attack, the flowing
air can follow the initial turn of the leading edge
but it cannot follow the wing contour completely;
then, the

stream separates fromthe surfade near
the trailing edge (fig. 2-9C). At small angles of
attack, the resultant is comparatively small. Its
direction is upward and back from the vertical,
and its center of pressure is well back from the
leading edge. Note that the center 'of pressure
changes with the angle of attack, and the resultant

velocity. Air resists the motion of all parts of
the missile, including the wings, fuselage, tail
airfoils, and other surfaces. The resistance to
those parts that contribute lift to the missile is
called induced drag. The resistance to all parts
that donot contribute lift is parasitic drag.
From Newton's laws, we know two things:
First,. if all the forces applied to a missile are
,

in balance, then if the missile is stationary
it will remain so; if it is moving, it will con-

tinue to move in the same direction at the

32t1".
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same speed until an outside force is applied second. The horsepower expended
to it. Second, if an unbalanced forceone
not in uniform forward motion is then by a missile
counteracted by an equal and opposite force
is applied to the missile, it will accelerate
DV
in the direction of the unbalanced force.

hp

=

Thrust

where D is the drag in pounds, and V the speed
in feet per second.

At the instant of launching, missile speed
the moment, disregard air-launched missiles.)
The force of thrust developed by the propulsion
system will be unbalanced, and as a result the
missile will accelerate in the direction of
thrust.
(A solid-fuel rocket develops full
thrust almost instantly. When a long-range
liquid-fuel rocket is launched, it may be
physically held down until its engines have
developed sufficient thrust.) Whenthrust-weight
ratio reaches its maximum value, acceleration
of the missile is at a maximum.
maximum. Hut, during the
launching phase, missile speed quickly increases. Because drag is proportional to the

Acceleration

is zero, and there is no drag. (We will, for

This term has been freely used in the chapter
without positive definition. Acceleration is
change either in speed or in direction of motion.
A missile accelerates in a positive or negative
sense as it increases or decreases speed along
the line of flight. A missile also accelerates
in a positive or negative sense if it changes
direction in turns, dives, pullouts, or as a result
of gusts of wind. buringaccelerations a missile
is subjected to large forces which tend to keep
it flying along its original line of flight. This is
in accordance with Newton's first law of motion:

A particle remains at rest or in a state of
square of the speed, drag increasesvery rapidly. uniform
motion in a straight line unless acted
The force of thrust is thus opposed by a progres- upon by an
external force.
sively increasing force of drag. The missile will
Acceleration
measured in terms of the
continue to increase in speed, but its acceleration standard unit of is
gravity,
(rate of increase of speed) will steadily decline. letter "g." A freely fallingabbreviated by the
This decline will continue until thrust and drag to the earth by a force equal body is attracted
are exactly in balance; the missile will then fly the result that it accelerates to its weight, with
at a constant rate
at a uniform speed as long as itsthrust remains of approximately 32 feet
per second per second.
constant.
Its acceleration while in free fall is said to be
one "g."
making rapid turns or reIf the propulsive thrust is decreased for any sponding toMissiles
large
changes
in thrust will experireason (such as a command from the guidance
ence
accelerations
many
times
that of gravity,
system, or incipient fuel exhaustion) the force the ratio being expressed
as a number of "g's."
of drag will exceed the thiust. The missile The number of "g's" which
a missile can withwill slow down until the two are again in balance. stand is one
the
factors
which
determines its
When the missile fuel is exhausted, or 'the maximum turning rate and the type
of launcher
propulsion system is shut down by the guidance suitable, for the weapon. The
delicate
instrusystem there is no more thrust. The force of ments contained in a missile
drag will then be unbalanced, and will cause a if subjected to accelerations may be damaged
in excess of design
negative acceleration, resulting in a decrease values.
in speed. But, as the speed decreases, drag will
also decrease. Thus the rate of decrease in
speed also decreases. A missile will maintain
a uniform forward motion when thrust and drag
are equal. The power required to maintain

uniform forward motion is equal to the product
of the drag and the speed. If drag is expressed
in pounds, and speed in feet per second, the
product is power in foot-pounds per second.
By definition, one horsepower is 550 ft-lb per

PROBLEMS OF MISSILE CONTROL

A missile must be so designed and construc-

ted that it will fly a specified course without

continual changes in direction. The degree of
stability of a missile has a direct effect on the
behavior of its controls; and for this reason a
high degree of stability must be maintained.
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in flight by reacting against the medium
As the speed of a missile increases, its sta- missile
through
which the missile is passing. They are
Nifty is changed by shifts in the center of presobviously
useful for missiles that travel in a
sure. A pressure shift causes changes in the vacuum (ornot
in
high
altitudes where the air is very
airflow acting on the missile surfaces. Even
In
high-speed
missiles, the control
rarefied).
in pure supersonic flow, variations in &peed surfaces can be made smaller;
under certain
will cause shifts in center of pressure.
altogether.
conditions
they
can
r
a
eliminated
The use of fixed fins, and spinning of the
missile, are the simplest means of stabilizing
a missile in flight. Movable control surfaces
react with air according to the laws of aerodynamics to control the missile in flight. Figure Stability in Subsonic Flight
2-10 shows examples of control surtacedesigns
Figure 2-11 represents a missile in flight;
and locations. Fins may be used to stabilize a it is longitudinally stable about its lateral axis

through the center of gravity. Airflow over the
wing is deflected downward. This angle of deflection is called the downwash angle. When lift de-

creases as a result of reduced speed, this
dovmwash angle decreases, and produces pressure changes. At certain speeds, unstable con-

ditions are set up as a result of such pressure

BULLPUP
FIXED
STABILIZING
SURFACES

MOVABLE CONTROL SURFACES

TARTAR
A

shifts. When an unstable condition occurs, the
control system must quickly compensate by
moving the control surfaces or changing the
missile speed; otherwise the missile may get out
of control, Unstable conditions are most serious
at transonic speeds. Most missiles have dive
control and roll recovery devices to overcome
unstable conditions. For example, the horizontal tail surfaces may be placed high on the
fin to minimize the effects of downwash. (At
supersonic speeds, the downwash problem disappears.)
Unstable airflow over the wings of a missile may cause the ailerons to oscillate, creating

a condition known as "buzz." A similar condition
called "snaking" may exist about the yaw axis

as a result of rudder oscillation. The troubles

DIRECTION OF MOTION

WING SECTION

DOWNWASH

Figure 2-10.Control surfaces:. A.

144.5
Fixed and

movable surfaces; B. Control surface designs
and locations.
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Figure 2-11.Dovmwash (indicating the closing

of the streamlines under the .wing and the
subsequent dovmwash).

qt3.
(1;11'
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may be partially compensated forby nonreversible control systems, or by variable-incidence
control surfaces.
In a stable aerodynamic body, an oscillation
caused by an outside disturbing force tends to
be damped and to disappear instead of becoming

greater. The missile must be stabilized about
three axes of flight to maintain a steady flight
condition, so the missile neither increases nor
decreases its angle of attack.
Stability about the vertical axis is usually

when the missile changes its angle of attack.
For example, if the missile nose begins to
pitch downward, the force of the airstream
against the upper surface of the stabilizer will
increase. This will tend to push the tail downward, and thus return the missile to its original
attitude.
Since most modern missiles are supersonic,

with only a few seconds of flight at subsonic
speeds, the forces that affect missile flight at
supersonic speeds are of more importance to
provided for by vertical fins. If a missile begins you. They are discussed in the next section.
to yaw to the right, air pressure on the left side
of the vertical fins is increased. This increased
pressure resists the yaw and tends to force the
AERODYNAMICS OF SUPERSONIC
tail in the opposite direction. In some missiles

the vertical fin may be divided and have a
movable part, called the rudder, that isused for
directional control. In addition to the rudder,

there may be trim tabs that can be set for a
particular direction of flight relative to the
prevailing wind. The vertical sides of the

MISSILE FLIGHT

So far we have discussed the principles of
producing lift by using cambered (curved) wings.
Cambered wings are still used on conventional
aircraft but are not used on most present day
guided missiles. Most operational missiles use
streamlined fins to provide stability and some

fuselage also act as stabilizing-surfaces. The
same action takes place here as on the-fin, but lift.
with a lesser correcting force.
Before discussing aerodynamics of
Another means for obtaining yaw stability sonic missile flight, let us define somesuperof the
is by sweepback of wings. Sweepback is the terms used.
angle between the leading edge of a wing and a
line at right angles to the longitudinal axis of REYNOLDS NUMBER
the missile. If a missile yaws to the right, the
leading edge of the left sweptback wingbecomes
During the development of a new missile
more perpendicular to the relative wind, while design, scale models of the proposed missile
the right wing becomes less so. This puts are tested in wind tunnels. But the performance
more drag on the left wing, and less on the of the, model does not necessarily indicate the
right. The unbalanced drag at the two sides performance of the actual missile,
when all
of the missile tends to force it back to its orig- known variables are scaled down. Ineven
some
cases
inal, attitude.
the effect of a given variable on the model may
STABILITY ABOUT THE LONGITUDINAL be opposite to its effect on the full-size
AXIS may be provided by dihedralan upward Reynolds number is a mathematical ratiomissile.
involvangle of the wings. As the missile starts to ing relative wind speeds, air viscoscity and
roll, the lift force is no longer vertical, but density, relative sizes of the model and missile,
moves toward the side to which the missile
other factors. The use of this ratio makes
is rolling. As a result, the missile begins to and
it
possible
to predict missile behavior under
sideslip. This increases the angle of attack actual flight conditions from the behavior
of
of the lower wing, and decreases that of the the model in the wind tunnel. The Reynolds
upper. Lift on the lower wing will therefore number is also applicable in
hydrodynamic
increase, while lift on the upper wing decreases. testing.
This unbalanced lift tends to roll the missile
back to its original attitude.
MACH NUMBERS AND SPEED REGIONS
STABILITY ABOUT THE LATERAL AXIS

is accomplished by horizontal surfaces at the

Missile speeds are expressed in terms of

tail of the missile. .The stationary part of
these surfaces is the stabilizer; the movable
part is the elevator. Pitch stability' results
from the change in forces on the stabilizer

MACH NUMBERS rather than in miles per hour
or knots. The Mach number is -the. ratio of

missile speed to the local speed of sound. .For
example, if a missile is flying at a speed equal
35
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velocity. This region extends from about Mach
1.2 upward. In supersonic flow, little turbulence
is
present.
the local speed of sound, its speed is then
HYPERSONIC FLIGHT. When any object
Mach 2. (The term "Mach number" is derived
moves
through the air, the molecules of air refrom the name of an Austrian physicist, Ernst
Mach, who was a pioneer in the field of aero- quire a finite time to adjust themselves to its
presence, and to readjust themselves after it
dynamics: It is pronounced "mock.")
has passed. This period of adjustment and readjustment is called the relaxation time. If the
Local Speed of Sound
time required for a missile topass agiven point
The speed expressed by the Mach number is is equal to or less than the relaxation time, the
not a fixed quantity because the speed of sound missile is moving at hypersonic speed. Relaxain air varies directly with the square root of air tion time is longer at high altitudes, and the
temperature. For example, it decreases from beginning of the hypersonic speed zone is cor780 miles per hour (mph) at sea level (for an respondingly lower. Velocities that are not
average day when the air is 59°F) to 661 mph at hypersonic at sea level may become so at high
the top of the troposphere. The speed of sound altitudes. Under most conditions, the hypersonic
remains constant between 55,000feet and 105,000 speed zone begins somewhere between Mach 5
feet, then rises to 838 mph, reverses, and falls and Mach 10.
to 693 mph at the top of the stratosphere. Thus
you can see that the speed of sound will vary HEAT BARRIER
with locality.
This is not a barrier in a physical sense, but
The range of aircraft and missile speed is
divided into four regions which are defined with its effect tends to limit the maximum speed of
respect to the local speed of sound. These a missile through the atmosphere. Heat results
not only from friction, but from the fact that at
regions are as follows.
SUBSONIC FLIGHT-, in which the airflow over high speeds the air is compressed by a ram
all missile surfaCes is less than the speed of effect. The temperature rise caused by the ram
sound. The subsonic division starts at Mach 0 effect is proportional to the square of the Mach
and extends to about Mich 0.75. (The upper number. The average temperature at sea level is
limit varies with different aircraft, depending on considered to be 59°F; temperature decreases
steadily with altitude to about 46,000 feet, above
the design of the airfoils.)
At subsonic speeds sustained flight is de- which it is assumed tobe constant. At sea level,
pendent on forces produced by the motion of the ram temperature is about 88°F at Mach 1-29°
aerodynamic surfaces through the air. Whenthe higher than the standard temperature. At
surfaces of airfoils are well designed, the stream Mach 2, ram temperature at sea level is about
of air flOwe' smoothly over, under, and around 260°F, and at Mach 4 about 1000°F. Missiles
them, and the air Stream conforms to the shape capable of flying at these speeds mustbe capable
of the airfoil. In addition, When the airfoils are of withstanding these temperatures. This prob-

to one-half the local speed of sound, it is said
to be flying at Mach 0.5. If it moves at twice

lem is particularly serious with ballistic missiles intended to plunge down into the atmosphere at speeds in the order of Mach 12. A
TRANSONIC FLIGHT, in which the airflow significant part of the development effort for
over the-surfaces is mixed, being less than long-range ballistic missiles has been devoted
sonic epeed in 'Some areas and greater than to development of nose cones capable of withsonic 'peed in others. The limits of this region standing extreme temperatures.
are not sharply defined, but are approximately
set to ifie proper angle; and motion is fast enough,

the airflow will support the weight, of the aircraft or. Missile.

SHOCK WAVE

Mach 0.75 to Mach 1.2. Under these conditions,
shock waves are present; the airfloW is turbulent,

The term "shock wave" is often used in

and the missile may be severely buffeted. A

describing effects of nuclear explosions but it
high - speed
through the transonic zone in the least possible !is not a phenomenon occurring only in tremendous explosions. The same interaction of forces
time to prevent theeedisturbanCea.
SUPERSONIC FLIGHT, in which the airflow producea a shock' wave in less overpowering
over all eurfaCes is at speedigreaterthan sound situations.
shOuld be made to accelerate
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As a missile moves through the air, the air
tends to be compressed, and to pile up in front
of the missile. Because compressed air can
flow at speeds up to the speed of sound, it can
flow smoothly around a low-speed missile. But
as the missile approaches the speed of sound,
the air can no longer get out of the way fast
.

means that the greater the speed of the moving

body, the fewer the number of air particles
that will be able to move from its path, with
the result that the air begins to pile up in front
of the body.

When the object reaches the speed of sound,
the
condition represented in figure 2-12D ocenough. The missile surfaces split the aircurs.
The pressure wave can no longer outrun
stream, producing shock waves. A shock wave the object
is a sharp boundary between two masses of air path ahead.and prepare the air particles in the
The particles then remain undisat different pressures.
turbed until they collide with the air that has
Shock waves can seriously alter the forces piled up in the airstream
just ahead of the
acting on a missile, requiring radical changes object. As a result of the collision,
the airin trim. The missile tail surfaces may be stream just ahead of the object is ;educed
in
seriously buffeted and wing drag rises. Any speed very rapidly; at the sametime
deflection of the control surfacei in an attempt pressure, and temperature increase. its density,
to overcome these conditions may cause new
the speed of the object is increased beyond
shock waves, which interact with those already the As
speed of sound, the pressure, density, and
present. For this reason there may be certain temperature of theb air just ahead
of it are inspeeds at which the controls become entirely
useless. In some cases the controls become creased accordingly; and a region of highly
air extends some distance out in
reversed, and the action which usually results compressed
front
of
the
body.
Thus a situation occurs in
in a turn to port may result in one to starboard which the air particles
forward of the cominstead. These effects and many others may be pressed region at
one
moment
the result of compressibility, a property of the undisturbed, and at the next are completely
moment are comairstream which is not prominent at low speeds pelled to undergo drastic
changes
in velocity,
but which cannot be ignored at high speeds. density, temperature, and
pressure.
Because
THE NATURE OF COMPRESSIBILITY .- of the sudden nature of
the
transition,
the
When an object moves through the air, it con- boundary between the undisturbed
air
and
the
tinuously produces small pressure disturbances compressed region is called
a shock wave.
in the airstream as it collides with the air
You cannot see these changes taking place in
particles in its path. Each such disturbance-4 air but you can see the
small variation in the pressure of the air-is curring in water. Usingsame type of action oca boat on a lake in out
transmitted outward in the forin of a weak pres- analogy, the changes might
be described as
sure wave. Each expanding pressure wave follows.
travels at the speed of sound. Although each
For the purposes of the illustration,
pressure wave expands equally in all directions, assume that the waves or ripples formed we'll
on the
the important direction is that in which the lake will move at 10 mph, and
the Mach number
object generating-it is moving.
ratio of boat speed to wave speed.
As long as the object, is moving at low sub- is the
With
the boat at rest, the waves made by the
sonic speed, its position with respect to the boat bobbing
up and down will spread out in conpressure wave. it produces -is similar to that centric circles at the rate of 10mph
(fig. 2-13A).
shoWn in figuie 2-12A. The pressure wave ex- Now if the boat
moves
at
the
rate
of 5 mph
pands in all directiOns.. Since its speed is high (representing a speed of Mach
0.5),
the
ripples
compared -vki:h that of the body, the variation in will still spread out at the
rate
of
10
mph
but
pressuie travels .well aheacl.andagitates the air they will no longer be concentric (fig.
2-13B).
particles in the path .of motion.. Hence, when In figure 243C, the boat is
moving at the same
the body arrives at any given point, the. air speed as the speed of
propagation, repreparticles there are .already in motion and can senting Mach 1, and allwave
the waves are tangent to
easily and smoothly flow around it.
other at the bow of the boat. In figure
In figure 2-12B, and C, the-object is repre-* each
2-13D,
the boat is moving at twice the wave
sented as increasing .,in speed but as still speed-Mach
2-and it leaves the ripplesbehind.
traveling below ionic velocity. As speed in- The wave pattern
now becomes a wedge on the
creases, the object at any moment is nearer the surface of the water.
In the air, with threeundisturbed air particles in its path. This dimensional flow, the pattern
would be a cone.
.
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A

C
KEY
MI: INMAL POSITION OR A MOVING OBJECT.
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)=POSITION OF PRESSURE WAVE CREATED BY
THE TIME MOVING OBJECT IS AT "A".
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r =RADIUS OF PRESSURE WAVE CIRCLE:
(SPEED OF SOUND) X (TIME FOR OBJECT
TO GET FROM CENTER OF CIRCLE TO

POINT VI
= MACH NUMBER OF MOVING OBJECT.

"..2 FLOW OF AIR STREAM.
33.26

Figure 2-12.Compressibility of air at various speeds.
The semivertex angle is the MACH ANGLE. The

greater the speed above Mach 1, the smaller the
angle. The shock waves form at the point of
greatest density, where ripples meet. The bow
wave of the boat is closely analogous to the
conical shock wave that spreads from the nose

of a supersonic missile. Both have the same

cause: the fact that an object is moving through
a fluid faster than the fluid itself can flow.
Ty Pea of Shock Waves.

There are several types of shock waves, the
principal classes being 'the NORMAL and the
OBLIQUE. These differ primarily in the way
in.! which the airstream passes through- them.
In the normal (or perpendidular) wave, the air
passes- through without changing direction; and
.

the wavefront is perpendicular to the line of
flow (fig. 2-14A). The normal shock wave is

usually very strong; that is, the changes in pres-

sure, density, and temperature within it are
great. The air passing through the normal shock
wave always changes from supersonic to subsonic velocity.

OBLIQUE shock waves are 'those in which the

airstream changes in direction upon passing
through the transition marked by the wavefront (fig. 2-14B). These waves are produced

in supersonic airstreams at the point of entry of
wedge-shaped and other sharply pointed bodies.
The resulting wavefronts make angles of less
than 90° with the line of flight. Like the normal
shokk wave, the oblique wave occurs at a point
of change in velocity from a higher to a lower
value. The driange in speed is usually from
supersonic to subsonic but not always so. In
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NORMAL SHOCK WAVE
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Figure 2-14.Fqrmation of shock waves:
A. Normal shock waves; B. Oblique shock
waves.
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Figure 2-13.Mach angle analogy.
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2-15 shows the manner in which shock waves
behave at increasing airfoil speeds. In figure

2-15A, the airfoil is traveling at Mach 0.75. The
airflow over the upper surface is fast enough to
cause the formation of a shock vraveonthe upper
surface. As the airfoil speed increasesto Mach

some cases the airflow is supersonic both upstream and downstream of the oblique wave.
In general, the variations in density, pressure, 0.90 (fig. 2-15B ), the airflowbecomes
fast enough
and temperature are less severe in the oblique to cause an additional shock wave to form
on the
wave than in the normal
wave. As we have lower surface. Figure 2-15C shows the waves
said, a shock wave is a sharp boundary between moving toward the tra: .1g edge as the airfoil
two masses of air at different pressure. Air speed is increased to Mach 0.95. Finally,
when
behind the oblique shock wave has a lower the
airfoil reaches supersonic speed (fig: 2-15D
relative speed than that in front, and there- and E), the upper and lower shock waves move
fore has a higher pressure.
all the way back to the trailing
and, at the
NORMAL shock waves can occur over the same time, a new shock wave edge
is
produced
in
wing surfaces of a subsonic aircraft that ex- front of the leading edge.
ceeds its maximum safe operating speed (fig.
2-15A). The high speed (but still subsonic) CONTROL OF SUPERSONIC MISSILES
airstream flows up over the leading edge of the
wing, increasing in velocity as it does so, and
Aerodynamic control is the connecting link
passes the speed of sound. At a point on the between
the guidance system and the missile
wing slightly rearward of the leading edge, the flight path. Effective control of the flight
velocity of the flow decreases, changing from a requires smooth and exact operation path
the
supersonic to a subsonic value. At the point of missile control surfaces. The controlofsurtransition a normal shock wave is formed. This faces must have the best possible
conprocess illustrates the following rule which figuration for the intended speed ofdesign
the
misalways holds true: The transiition of air from sile. They must be-moved with enough force
subsonic to supersonic flow. 4s smooth and ,un- to produce the necessary change of direction.
accompanied by shock waves, but the change Methods must be found for balancing the varifrom supersonic to subsonic flow is 'always ous controls, and for changing them to meet
sudden and is accompanied by large Variations the variations of lift and drag at different
in pressure, density, and temperature. Figure Mach speeds so as to maintain missile
stability.
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Figure 2-16.Airflow about a supersonic fin.

M0.95

33.28

Figure 2-15.Shock waves at various
speeds of airfoils.

low pressure area above the fin. Beneath the fin,
the force of the airstream (dynamic pressure)
and the formation of oblique shock waves result
in a high pressure area. The differences in
pressure above and below the fin produce lift.
Fixed fins are usually called vertical stabilizers

or horizontal stabilizers, depending on their

In some modern missiles lift is achieved position and function.
entirely by the thrust of the main propulsion
Guided missiles may also be provided with
system. The Polaris missile, for example, has movable control surfaces, since stationary fins
no fins. It is important that you realize that cannot provide the precise control needed to keep
fins cannot control a missile outside the earth's the missile on a desired course. Movable conatmosphere. The methods of achieving control trol surfaces can be divided into two types:
in space will be discussed later in the course. primary and secondary. The primary controls
include ailerons, elevators, and rudders (fig.
External Control Surfaces

slightly different lift principle is involved than
with the conventional wing. At subsonic speeds
a positive angle of attack will result in impact

pressure on the lower fin, surface which will

2-17). Secondary control surfaces include tabs,
spoilers, and slots. Primary control devices
are responsible for maintaining missiles along
desired trajectories. If no unstabilizing conditions were present, primary control could function satisfactorily. A missile can be controlled
more accurately and more efficiently, however,
by the use of secondary controls, in various
combinations, working in conjunction with primary controls.
Ailerons, elevators, and rudders are attached

produce lift just as with the conventional wing,
At supersonic speeds, the formation of expansion waves and oblique shock waves also contributes to lift. Figure 2-18 shows a cross section of a supersonic fin and airflow about it.

to fixed wings and tails as in a conventional
aircraft.
In figure 2-17, ailerons are attached to the
trailing edges of the wings. When one aileron
is lowered, the other is raised. Movement of

Due to the fin shape, the air is speeded, up through

the ailerons changes the wing camber andbrings

a series of expansion waves. This results in a

about roll control. The wing with the raised

The simplest control surfaces are fixed fins.

The flight of an arrow is an example of the

stability provided by fixed fins. The feathered
fins on an arrow present streamlined airflow
surfaces which ensure accurate /light. Since

supersonic missile fins are not cambered, a
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of attack the slot can be opened to allow air to
spill through and thus prevent a stall.

RUDDER
RUDDER TAB

AILERON

AILERON
TAB

SPOILER

ELEVATOR TAB
ELEVATOR

33.39

Figure 2-17.Control devices on conventional
type missiles.

aileron moves down and the other wing moves
up.

Dual Purpose Control

The primary and secondary control devices
discussed above are used on older type missiles,
although the Bullpup missile uses a type of tab.

For high-speed missiles, new control surface
designs have been developed. Examples of such

surfaces are eleyons, rollerons, ruddervators,
and ailevators. As the names indicate, these are
multipurpose control devices. For example, an
elevon replaces an elevator and an aileron,
allowing control of pitch and yaw by a single
control mechanism. The Regulus missile used
this device. If operated together, they serve as
elevators; if operated differentially, they serve
as ailerons. If the missile tail surfaces were
inclined upward, to foim a V with the missile
axis, controls on the trailing edges of these surfaces could be used as ruddervators. By suitable combinations of movements, they could
control the missile in both pitch and yaw.

Elevators attached to the horizontal tail
stabilizers may be used for pitch control. The Figure 2-10A shows the fixed and movable stabielevators are raised or lowered together.
lizing surfaces on Tartar and Bullpup missiles.
Rudders attached to the vertical stabilizers The Tartar has four fixed trapezoidal
dorsal
(fig. 2-17) may be used for yaw control.
fins the length of the rocket section, and four
If the rudder moves to the right the tail moves independently movable tail fins.
The tail fins
to the left, and the missile yaws to the right.
are folded during handling and stowage.
Tabs are hinged to primary control surfaces,
The Terrier BT-3 has fixed
and the force exerted by these devices is directed and folding tail surfaces. Four dorsal fins
booster fins
to act against a primary control and not the are mounted 90° apart aroundthe after
missile itself. For example, consider a tab booster, and are in line with the end of the
missile tails
(fig. 2-17) on an elevator. If the tab moves up- and the dorsal fins.
The
Terrier
BW-1 has
ward, the deflected air will exert a downward fixed tails.
force on the elevator. The elevator will then
Taboo missile has four movable wings
move down. Note that it is still the elevator, in aThe
cruciform
arrangement at approximately
not the tab, that directly controls the missile. the missile longitudinal
of gravity. Four
A fixed tab is preset for a given condition of fixed fins near the aftercenter
section are mounted in
stability; a trim tab is controllable and its line with the four wings. The booster
also has
setting can be varied over a wide range of con- four fins, which are attached to the
exit
ditions. A booster tab is used to assist in After the booster propellant has burned nozzle.
out, the
applying force to move control surfaces of large booster airframe drops off.
areas.
A spoiler can be any of seferal devices- - Control at Starting Speeds
for example, a hinged flap on the upper surface
of the wing. Suppose that a gust of air causes the
Surface-launched missiles start out with zero
left wing to lose lift. The spoiler on the right velocity,
and accelerate to flying speeds. For
wing can be raised to "spoil" the smoptth flow of a short time
after launching, airspeed over the
air over it, and thus decrease its Mt to equal control surfaces is slow, and these
surfaces are
that of the other wing.
unable
to
stabilize
the
missile
or
control its
A slot is basically a high-lift device located course. With small, booster-launched
at the leading edge of the wing. At a normal this problem is not serious. Terrier,missiles,
for exangle of attack, it has no effect. At high angles ample, builds up enough speed for
aerodynamic
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stability in a fraction of a second. But heavy
intercontinental ballistic missiles rise slowly
from their launching pads, and may require
auxiliary control devices for a number of seconds

after launching. Two types of auxiliary control
have been used.
EXHAUST VANES are surfaces mounted di-

rectly in the exhaust path of a jet or rocket

engine (fig. 2-18B). When the exhaust vanes
are moved, they deflect the direction of exhaust,
and thus produce a lateral component of thrust
that can be used to keep the missile pointed in

the desired direction. This is possible because

the exhaust velocity is very high, even when the
missile has just begun to move. Because of .the
tremendous heat in the exhaust, the life of exhaust vanes is short. The German V-2 used

exhaust vanes made of carbon. The melting
point of carbon is far above the exhaust temperature. But because carbon burns, the vanes
were eroded rapidly. Bythe time the V-2
reached a speed at which the vanes were no
longer needed, they were burned away com-

pletely. Exhaust vanes are also used to stabilize missiles In travel outside the atmosphere.

JET CONTROL (fig. 2-18) is similar to
exhaust vane control in that both deflect the
exhaust to produce a lateral component of thrust.
One method of jet control consists in mounting

the engine itself in gimbals, and turning the
whole engine to deflect the exhaust stream (fig.
2-18C). This system requires that the engine

be fed by flexible fuel lines, and the control

system that turns the engine must be very

powerful. Another method of jet control con-

sists in mounting several auxiliary jets at

various points (fig. 2-18A) on the missile surface. By turning on one or more of the auxiliary
jets, it is possible for the guidance and control

systems to change the missile course as required. Heat shields are necessary to protect
the main body of the missile from exhaust heat
generated by the jets. The use of auxiliary
jets makes it possible to eliminate the outside

control surfaces entirely. This is the steering
method most likely to be used for control of
missiles after they leave the atmosphere (and

eventually, for the control of space ships).

VECTOR CONTROL. Man-made forces may

exert velocity vector control of missiles in

flight. A ballistic missile before rocket burn-

out, when it is receiving rocket thrust with

gyro control of the direction of motion (fig. 2-

19), is receiving velocity vector controlthe

missile path is being shaped as desired, at each
instant. On the other hand, a rocket under pure
thrust, uncontrolled in magnitude and with no
direction control, is not considered as receiving
velocity vector control. A missile experiencing
thrust may have its velocity vector controlled by
the use of auxiliary devices to control the speed

and direction of missile flight. The thrust
itself may be controllable in magnitude and
direction. Both of these types are directional
controls, achieved by the following general steps:

tracking the target; predicting its future position; and converting target data to directional
orders, either inside or outside the missile. In
the case of guided missiles or ballistic missiles
before burnout, the directional orders are im-

plemented in the missile so as to produce
directional control forces. This may be achieved

GIMBALLED ENGINE CHANGES
DIRECTION OF THRUST

ss

by the use of fins or rudders, by controlling
the direction or magnitude of the main thrust,
or by auxiliary side thrusts (rockets). In the
last example there is a slight overlap between

thrust and directional control; here directional
control is achieved by means of the thrust

itself (fig. 2-19B). A guided missile is usually
under the combined influence of natural and man-

made forces during its entire flight. Man-made

forces include thrust and directional control.
The vector :sum of all the forces, natural and
man-made, acting on a missile at any instant,

AUXILIARY

".0
DIRECTIONALFq
THRUST

JET CONTROL

A

maybe called the total force vector (fig. 2-19C ).

B

It is this vector, considered as a function of
33.177-.181

Figure 2-18.Jet control of flight attitude.

time, in magnitude and direction, which provides
velocity vector control.
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Figure 2-19.Vector control: A. Before and after burnout; B. Threat vectors;
C. Total force vector.
Vector control as achieved in some mods of burning propellant
are exhausted through four
the Polaris missile will be described briefly. nozzles, and each nozzle
has a jetevator which
The Polaris has no controllable aerodynamic can be moved to deflect the
gases as ordered
surfaces, and must therefore be stitbilized and by the flight control subsystem.
Figure 2-20
controlled by other means. Its flight control illustrates the action of the-jetevators
in stabisubsystem provides control and stabilization of lizing and steering the missile.
For
convenient
the missile during its:powered flight: The reference, the nozzles
are numbered clockpropulsion subsystem provides thrust and thrust wise as seen from the rear.
vector control. The combustion gases from the one on each nozzle, are. pivotedThe jetevators,

on the top and
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bottom on nozzles 2 and 4, and at eitheiside on
nozzles 1 and 3. The jetevators normally function in pairs. Those on nozzles 2 and 4 can
deflect the gas stream either to the right or the
left, and those on 1 and 3 can deflect it either
upward or downward. Figure 2- 20 shows how the

'jetevators function in the missile to produce
pitch up, yaw to the right, and missile clockwise roll. Positioning jetevators 1 and 3 as

Both lift and drag are directly proportional to
the square of missile speed.
DRAG REDUCTION.

It is essential that

supersonic missiles be designed for minimum
drag. A low drag configuration makes it pos-

sible to use a smaller power plant, with a

lower rate of fuel consumption. The resulting

saving in bulk and weight can be used to extend

the range of the missile, add to its warhead

shown in figure 2-20A, deflects the gaff stream payload, reduce its overall size, or any combinaupward, which causes the Missile to pitch up- tion of these three.
The effects of thickness distribution, Reyward. In part B of the figure, jetevators 2 and
4 deflect the gas stream to the right and cause nolds number, surface imperfection, and Mach
the missile's nose to yawtothe right. In part C, number all influence missile drag. Wing drag
each jetevator pair is set differentially (No. 1 is influenced by thickness ratio, sweepback,
deflects the gas stream downward, No. 3 deflects aspect ratio, and section of airfoil. Total drag
it upward; No. 2 deflects it to the right, No. 4 to of the missile is made up of fuselage drag, wing
the left); this drives the missile into a clock- and fin drag, and another factor not present in
wise roll. The jetevators are moved by signals subsonic flight: mutual interference between
from the flight control subsystem of the missile. the drags of the individual parts. For example,

the drag of a wing may be strongly affected,

EFFECTS OF MISSILE CONFIGURATION

for better or worse, by the shape of the body on

The configuration of a guided missile is
the principal factor controlling the drag and

proportional to velocity squared, minimum drag

lift forces that act on it. And these two forces
largely determine the overall efficiency Of the
missile. Missile configuration and strength
are dependent on the required missile maneuverability, stability, speed, and operating altitude.

which it is mounted.

Since drag is directly

design becomes of paramount importance as
missile velocity increases.

LIFT EFFECTIVENESS. A steady liftforce,
equal to the weight of the Vssile, must be maintained to keep the missile in level flight. Addi-

tional lift must be available for maneuvering.

144.10

Figure 2-20.Jetevator action for missile control: A: Jetevators positioned to cause missile to
pitch up; B. Jetevators positioned for yaw to the right; C. Jetevators positioned for clockwise
roll.
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A missile must be so designed that the necessary lift is provided with minimum drag. And,
for satisfactory control response, lift must vary

TAIL UNITS

smoothly with the angle of attack.
The conditions of flight associated with subsonic airflow are well known. Airflow phe-

nomena at supersonic speeds are orderly, and
can be analyzed mathematically. But in the
transonic speed range, major design problems arise. A great deal remains tobe learned
about airflow in this range.
Airflow over an ideal wing would be subsonic until the missile reaches a velocity of
Mach 1, and it would then immediately become
supersonic. In other words, an ideal wing, if
it were possible to make one, would eliminate
the transonic range. Actually, the transonic
range begins when the flow over any part of
the missile becomes supersonic, and continues
until the flow over all parts of the missile
becomes supersonic. The free-stream Mach
number at which transonic flow begins on any
given missile is called the critical Mach number for that missile.
Every missile is designed for a cruising
speed either below the transonic region or
above

it; no missile is intended to cruise

within this region. For supersonic missiles,
the effects of the transonic zone can be minimized in two ways. First, the range of speeds

included within the transonic zone can be narrowed by suitable design of themissile. Second,
by maintaining maximum powerplant thrust until
after supersonic velocity is reached, the missile can pass through the transonic region in
minimum time. Supersonic missiles are often
launched with the help of boosters. A booster
may be considered as an auxiliary powerplant.
It consumes fuel at a rapid rate, and develops

a high thrust. After the missile has passed

through the transonic region its booster falls
away. The missile is then propelled at super-

sonic speed by its own powerplant, which has a
lower rate of fuel consumption and a smaller
thrust than the booster.
Figure 2-10B represents locations and de

CONVENTIONAL

Ve TYPE OR

DOUBLE RUDDER

)1-1
VERTICAL TAIL

120° FINS

CRUCIFORM

WING ARRANGEMENTS

MIDWING

HIGH WING

LOW WING

o

PARASOL WING
SIIOE

CRUCIFORM

CRUCIFORM RELATIONSHIP

INUNE

INTERDIGITAL

Figure 2-21.Arrangements of
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control surfaces.

as "tail units" may be used at the mid-section
or even at the nose of the missile; in others,
some of the "wing arrangements" shown in the
figure may be used as tail units.

The CONVENTIONAL and CRUCIFORM are

the most popular tail arrangements. The HIGH
WING and cruciform wing arrangements are used
most missiles. The INLINE cruciform arsigns of control surfaces of current guided for
rangement
is widely used, especially for supermissiles. The optimum arrangement of air- sonic missiles.
The INTERDIGITAL form is
foils on a missile is governed by many factors, used on older mods of Terrier.
such as speed, rate of acceleration during the
In some supersonic missiles,
lift may
launching phase, range, and whether or not the be the only lifting force. In suchbody
high-speed
missile is to be recovered.. The sketches in applications, control
surfaces can be made
figure 2-21: show some of 'the more common smaller or eliminated altogether,
arrangements of missile airfoils. In some mis-, thus counteracting the increased as inPolaris,
drag at high
sale designs, arrangements shown in the figure speeds.
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At supersonic speeds, the advantages of

camber (curve) of the airfoils no longer exist,
and wing designs must be modified. The wing

'011111111111111.

DOUBLE WEDGE

receives its lift as a result of the angle of

attack rather than of any increase in velocity

of the air stream over the upper surface as
compared with the lower surface. A smooth

4111111.111111

down the drag; anything that increases turbulence.

41111111111111111111

flow of air over the wing (or fin) surface keeps

of the airflow increases drag.
FIN DESIGNS. Supersonic fins are symmetrical in thickness cross section and have a
smallthickness ratiothe ratio of the maximum
thickness to the chord length. The DOUBLE
WEDGE, shown in figure 2-22A, has the least
drag for a given thickness ratio, but in certain
applications it is inferior because it lacks

MODIFIED DOUBLE
WEDGE

BICONVEX
A

strength. The MODIFIED DOUBLE WEDGE has

relatively low drag (although its drag is usually

/-\

higher than a double wedge of the same thickness

ratio) and is stronger than the double wedge.

The BICONVEX, also shovm in the figure, has
about one-third more drag than a double wedge
of the same thiclmess ratio. It is the strongest

of the three but is difficult to manufacture.

RECTANGULAR WITH RAKE

RECTANGULAR

The planform of the fins- -the outline when

viewed from aboveis usually either of the
DELTA-MODIFIED DELTA (raked tip) or

DELTA OR TRIANGULAR

CLIPPED TIP DELTA

B
CATHEDRAL ANGLEC.

"DROOP"

RECTANGULAR types shown in figure 2-22B.

These shapes considerably reduce unwanted

USED WITH SWEEP
BACK FOR
BETTER CONTRO

shock wave effects. The combination of a raked
tip and cathedral droop (fig. 2-22C) of the wings
permits better control as the swept-back wings
delay air compressibility.
Most missile bodies are slender cylindrical

structures similar to those shown in figure

2-22B. Several types of nose sectionsare used.
If the missile is intended for supersonic speeds,
the forward section usually has a pointed arch
profile in which the sides taper in lines called
OGIVE curves (fig. 2-22D(a). Missiles which

BLUNT NOSE

OGIVE SHAPE

fly at lesser speeds may have blunt noses as

shown in figure 2-22D(b). The Sidewinder is an
example of a missile with such a nose.. An airbreathing missile nose which includes the duct
for the ramjet propulsion system is also shown
(fig. 2-22D(d).
ROUND NOSE

Hydrodynamics

0

Since surface-fired missiles for underwater'

attack are part of the missile armament

BLUNT NOSE WITH AIR DUCT

Of

many ships, you need to !mow something about
the'.: effect of water. . on missile shape, speed,
trajectory, and other aspects. The development

33.33-.41

Figure 2-22.High speed configuration characteristics: A. Supersonic fin cross-sectional

shapes; B. Supersonic fin platforms; C. Wing
angle; D. Missile noses.
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of lift on a surface moving in water differs

substantially from the same phenomenon in air
because water is almost incompressible while
air is highly compressible. When a missile
moves through air, a change in the density of the
air occurs at various points of the missile and
its airfoils. The same motion through water
produces a different effect. The flow of water
past an inclined plane (the hydrofoils) can be
treated as two separate motions. The first is
the streamline flow (fig. 2-23A), just as is encountered in air, and the second is a circulation
(fig. 2-23B). The circulation component is due
directly to the incompressibility of water. The
net flow (resultant) is the sum of the two components (fig. 2-23C). The resultant velocity is
greater above the plate than below it, and there
is therefore a powerful uplift force. The drag
force is parallel to the direction of motion.

The greater the lift required of the hydrofoil, the greater must be the effective angle of
attack at which it moves, within the normal range

of angle of attack. As speed increases, water,
like air, cannot get out of the way of the moving
foil fast enough. Discontinuities of flow occur,
causing cavitation (formation of areas of vacuum), and lift decreases, drag increases, and
buffeting and other undesirable phenomena may
occur. This is called the stalling point, comparable to the burble point in air.
Designers of missiles whose trajectory is
partly through air and partly through water must
consider, both aerodynamic and hydrodynamic
effects on the missile shape and its wings and
fins. This requires compromises in design. For
example, an airfoil should be thin to achieve
the smoothest flow of air over the surfaces, but
a hydrofoil must have thick sections, or at least

the leading edge must be relatively thickbecause
of the extremely wide range of attack angles to
which it may be subjected. Therefore, some lift
has to be sacrificed in order to have a foil able

to withstand water forces. Water has greater
buoyancy than air, so less lifting force is needed,

A

STREAMLINE FLOW

VELOCITY

but at the same time the drag force is greater,
so a greater propulsive force is needed. Ricochetting or skipping at water entry must be prevented. All these factors must be considered
in the missile configuration.
GUIDED MISSILE TRAJECTORIES

VELOCITY
B CIRCULAR FLOW

VELOCITY

C RESULTANT FLOW

144.11

The trajectory of a missile is its path from
launch to impact or destruct. There are two
basic types of missile trajectories: ballistic
and aerodynamic (including the "gravitybiased" aerodynamically supported trajectory).
A number of other trajectories are named according to the path traveled. Some of these
trajectories are: aeroballistic, glide, powered
flight, terminal, zero lift, skip, and standard or
ideal. The chapters on guidance illustrate some
of the trajectories.
In a BALLISTIC trajectory, the missile is
acted upon only by gravity and aerodynamic
drag after the propulsive force is terminated.
Gun projectiles have a purely ballistic trajectory; ballistic missiles have at least the major

pArt of the trajectory

a ballistic one.
Figure 2-23.Flow of water about an inclined,
An AERODYNAMIC missile is one which uses
plane: A. Streamline flow; B. Circular flow; aerodynamic forces to maintain
its flight path;
C. Resultant flow.
it usually has a winged configuration.

r:
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of intercept will be calculated, and the missile
course will be turned toward the new point of
intercept.
BEAM-RIDER TRAJECTORY.As we will
explain in a later chapter, abeam-ridermissile
may follow either a pursuit curve or a lead-angle
course, depending on the type of system used.
FLAT TRAJECTORY.An intermediaterange or long-range air-breathing missile is
usually made to climb as quickly as possible

TRAJECTORY CURVES

Missile trajectories include many types of
The exact nature of the curve is
curves.

determined by the type of guidance and the
nature of the control system used. For some
missiles, the desired trajectory is chosen be-

fore the missile is designed, and the missile is
closely limited to that trajectory. Missiles may
offer a choice of trajectories.
HYPERBOLIC TRAJECTORY.A missile
using a hyperbolic guidance system will first
climb to the desired altitude, then follow an arc
of a hyperbola before living on its target. If the
control stations are ideally located with respect
to the target, the hyperbolic course is a close
approach to a straight line. This system is not
used with any of our guided missile systems at
present. It operates on the Loran principle,
with a "master" and a "slave" station sending
radio signals to fix the location of the target.
PURSUIT CURVE.Some homing missiles,
and some beam riders, follow a pursuit curve.

to the altitude at which its propulsion plant
operates most efficientlysomewhere between
30,000 and 90,000 feet. After reaching this
altitude the missile flies a flat trajectory to the

target area.

down.
BALLISTIC

TRAJECTORY.Polaris is
launched vertically, so that it can get through
the densest part of the atmosphere as soon as
possible. At a certain altitude, which may be
controlled by either preset or command guid-

ance, the missile turns to a more gradual

At any given instant, the course of the missile is directly toward the target. If missile
and target are approaching head-on, or if the
missile is engaged in a tail chase, the pursuit
curve may be a straight line unless the target
changes course. But a missile that pursues a
crossing target must follow a curved trajectory. As the missile approaches a crossing
target, the target bearing rate increases, and
the curvature of the missile course increases
correspondingly. In some cases the extreme
curvature of the pursuit course may be too

climb. After burnout, or shutdown of the propulsion system by radio command, the missile

"coasts" along a ballistic trajectory to the

target.
From launch to warhead detonation, long

range ballistic missiles follow a trajectory

approximating that shown in figure 2-24, separating into three flight stages. Missiles that are
launched vertically travel only a comparatively
short distance before turning to a slant angle.

If launched from under water as the Polaris,
most of the vertical part of its flight path is

sharp for the missile to follow.

Underwater. Powered flight continues until the
end of the second stage, when ballistic flight
begins. The distance to the target determines
the point at which it is necessary for the misFile
to go into the ballistic curve that will bring it
down on the target. Computations are made by
missile system computers before missile firing.
COMBINATION TRAJECTORY.A special
case is the trajectory of the Asroc weapon (fig.
2-25). It is fired from a launcher on a surface
ship and is boosted into the air by rocket thrust
(phase 1). After burnout of the rocket it goes
through the air in a ballistic trajectory (phase
2) until it strikes the water surface. It falls
straight down through the water fora short time.
Then it begins hunting for the target (phase 3),

LEAD ANGLE COURSE.Some homing mis-

siles follow a modified pursuit course. The
deflection of the missile control surfaces is
made proportional to the target bearing rate.
The missile flies not toward the target, but
toward a point in front of it. The missile thus

develops a lead angle, and the curvature of its
course is decreased.
A further refinement is possible if a com-

puter, either in the missile or at a control

station, can use known information about the
missile and target to calculate a point of intercept which missile and target will reach at the

same instant. Because the missile is

The missile is made to climb

steeply to a desired altitude, level off, fly a flat
trajectory to the target area, then dive straight

guided,

directly toward the point- of intercept, its trajectory is a straight line. If the target changes
course during the missile flight, a new point

and homes on it (phase 4) when it has been
located.
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Figure 2-24.Typical trajectory of an ICBM (Polaris).

1

The Subroc missile also follows a combination trajectory 'through air and water, but it is
launched from submerged submarines.
PROPORTIONAL NAVIGATION COURSE.
PropPrtional navigation is a homing guidance
techl:Aque in which the missile turn rate is di+zetl proportional to the turn rate in
space of
fine of sight. The seeker tracks the target
semi-independently from the missile maneuvers. Lead angles and navigation ratios (N) can
usually be chosen so that the missile acceleration
will exceed the target acceleration only slightly. FACTORS AFFECTING
MISSILE TRAJECTORY

The principal factors affecting a missile's
trajectory are, of course, the design of the
missile and its guidince system, which are man
made. Natural external forces affecting the
trajectory inClude wind, gravity, magnetic
forces, and the coriolis effect. In the. use of
any long-range missile, all of these mufiti.be
taken into account.
WIND. All missiles fly through the atmosphere, either during their entire flight or at the
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beginning and end of it. They are therefore
liable to be pushed off the desired course by
the force of the wind. The magnitude and
direction of the prevailing winds at various
points on the earth are well known. But the
prevailing winds are much modified by a number of factors such as local topography,
thermal updrafts due to local heating of the
earth's Surface, the distribution of high-

pressure and low-pressure air masses, and
storms and their associated turbulence. All

of these factors can be predicted to some extent, but the Tenability of the prediction
decreases with both time and distance. For
that reason, air-breathing missiles must be
provided with means for correcting any devia-

tion in course that might result from unpredicted winds.

A ballistic missile may be
subject to correction as it rises through the
atmosphere. But it descends on its target at
such a speed that the effect of wind is unlikely

to produce a serious error.

GRAVITY.A long-range missile using a

navigational guidance system may use the direc-

tion of the center of the earth as a reference.

1
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Figure 2-25.Trajectory of an Asroc missile.

It does so by using a pendulum, plumb bob, or
some similar device, to measure the direction of
the gravitational force. The measuring device
is acted on by two forces: gravity, which tends

to pull it toward the center of the earth; and
centrifugal force, caused by the earth's rotation, acting at a right angle to the earth's axis.
The direction indicated by the measuring device

is that of apparent gravitythe resultant of the
two forces. The motion of the missile itself .
will create additional forces that tend to disturb
Any missile
guidance System that uses a gravitational refer-

the gravity-measuring device.

The CORIOLIS FORCE must also be compensated for. It is caused by the earth's

rotation, and tends to deflect a missile to the
right in the northern hemisphere, and to the
left in the southern hemisphere. As the earth
turns on its axis, its surface moves toward the
east at a rate determined by latitude. At the
equator the earth's surface is moving to the
east with a speed of more than 1000 mph; at
the poles, its speed is zero.
Assume that a missile is launched directly
northward in the northern hemisphere. At the
instant of launching, it will be moving to the

ence must compensate for these disturbing
forces.

east at the same rate as the Surface from which
it is launched. But as it moves northward, it

magnetic field as a reference for navigation.
Both strength and direction of the field vary
from point to polet on the earth. In general,

less than its own. As a result it will be deflected eastward, or toward the right. Now imagine
a missile fired southward in the northern
hemisphere. It will fly over points whose
eastward velocity is greater than its own. It
will therefore be deflected westward (still

MAGNETIC FORCES.Some missiles may
use the strength or the direction of the earth's

these variations have been measured and plotted.
But at any given point On the earth, the magnetic

flies over points whose eastward velocity is

field is subject to annual, monthly, and even to the right) with respect to the surface.
daily variations. It is subject to honperiodic . The amount of deviation produced by the
variations in "magnetic Storing" that result cortolis force depends on the latitude, length,
from bursts of ions or electrons radiated from and direction of _the missile flight. Since it
the sun. Meet of these variations are piedict- can be accurately predicted, suitable correcable With.teaionable accuracy, and can betaken tions can be made by the missile guidance
into account in the missile guidance systeni. system.
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CHAPTER 3

COMPONENTS OF GUIDED MISSILES
INTRODUCTION

Figure 3-1 shows some typical locations of
The arrangement of the components is not the same for all missiles. Most
modern missiles are made up of a missile assembly (with all its components), and abooster,
the whole being called a complete round. Tartar
missile is an exception--it does not have a
separate booster.
AUXILIARY POWER SUPPLY. All missiles
components.

GENERAL

This chapter is intended to provide an over-

all view of a guided missile and its various
components. Most of the material in this
chapter is covered in more detail elsewhere
in this text. Airframes and control surfaces, must contain auxiliary power supply (APS)
sysfor example, were treated in chapter 2. Pro- tems in addition to the main engine
required
for
pulsion systems, control systems, and guidance thrust. The APS systems provide
a
source
of
systems are each given one or more separate power for the many devices needed for
successchapters. Their principal features will
be briefly ful missile flight. Some APS systems rely on
summarized here. Warheads, (except nuclear) the main combustion chamber as the initial
which are not covered elsewhere in this text, source of energy; others have their own energy
will be treated in some detail.
sources completely separate from the main

The principal components of a guided missile

are:

WARHEAD. The warhead may be designed
to inflict any of several possible kinds of damage on. the enemy. The warhead is the reason
that the missile exists; the other components
are intended merely to ensure that the warhead
will reach its destination.
AIRFRAME.The airframe is the physical
structure that carries the warheadtothe target,
and contains the propulsion, guidance, and control systems.
PROPULSION SYSTEM.This system provides the energy required to Move.the missile
from the launeher to thetaitet.
CONTROL SYSTEM,The 'Contiool system
has two . functions. It keeps'. the missile in
stable flight, and it translatet the commands
Of the guidande sgstent .inte.MOtiOnef the control surfaces; or into is:Oa-Other means for
mOdifying the missile ttejectofY:!.'
GUIDANCE
'SYSTEM:4thia **Or deter,.
Whether the fmissile` ih bn the 'oriktred
trajectorq Of the Ordered velocity. U the missile

Is off course, the guid nce sy ten 'Sandi; etriii,
signals to the &Agra sgetem

propulsion unit.

AIRFRAME

GENERAL

The term AIRFRAME has the same meaning
for guided missiles as ithasforthe conventional
airplane. It serves as a vehicle to carry all
the other parts of the missile, and it provides
the aerodynamic characteristics required for
successful flight. Research on airframes is a
major part of our missile development effort.
Since the guided missile is essentially a
one-shot weapon, its structure can be simpler
than that Of a conventional aircraft. Missile
bodies are designed so that inner components
are readily available for testing, removal, and
repair.. The major components are mounted to

form independent units.
Most modern trtistilles are made up of several
sections (fig. 3-2). (Older mods do not have this
construction.) 'Each section is a cylindrical
shell machined from metal tubing rather than a

built-up structure with internal bracing. Each
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Figure 3-1.Location of components in guided missiles:
A. Taloa missile; B. Active homing missile.
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Figure 3-2.Sectionalization of a missile.

made prior to launching. Covers and access
doors are sealed to prevent moisture and dirt
from entering the missile.
Basically, the missile is designed to carry
the warhead to the target.. The size and weight
of the Warhead must be accommodated by the
structure. The missile must be Relight
ease in rePlaeenient and rePair of the corano- missile
yet strong enough to
nents, since the shells are removable as separate and compact as possible,
(and
other
components), and
Units. The sections are jOined by various.types carry the warhead.
subjected,
viith4and
the
forces
to
which
it
Of cOnniations. deilined for siMpliciti'of Opera- such as gravity, air (or water) willbe
pressure,
winds,
tion. ;'Aceeeil ports are sometimes priiVided inn
deceleration,
heat,
stresses
of
acceleration
and
can be
the shells, through which idjustments
'' 1"-

shell contain& one of the essential units or components of the missile, such as the propulsion
system, the .electronic control equipment, the
warhead, or the fuze assembly.
.Sectionalized construction has.the advantage
of etrefigth With simplicity, and also provides
.

.
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and other forces. For every pound of weight
The nose of Taloa contains the air intake
saved in the missile structure, lees propulsion for the
ramjet engine.
energy is required. The weight and balance
Talcs
is, in effect,
relationships must be given careful considera- central part is taken a double-walled tube. Its
up by the ramjet engine.
tion. The initial location of

1

the center of gravity
is of extreme importance. The center of gravity All of its other components warhead, fuel tanks,
and control systemsare crowded
can change during missile flight because of the guidance
within
the
between the inner and outer
burning of the propellant, and separation of the walls. (Inspace
one
model,
booster after burnout. These factors and others is carried inside the one of these components
must be carefully included in the calculations of The middle part ofcentral diffuser in the nose.)
Terrier is taken up by a
the missile designers to produce a structure chamber filled with solid
rocket propellant. The
that will perform as expected.
warhead, fuze, and the major part of the guidance
and control systems, are located forward of the
BODY CONFIGURATION
fuel chamber. But a part of the guidance and
control system is located in the double-walled
that surrounds the exhaust duct at the
The Navy missiles described and illustrated cylinder
after
end
of the missile. Electric cables and
in chapter 1 show the range of body configuration
pneumatic
to maintain communication
found in operational missiles. In general, the between thelines
two
parts
of the guidance system
design of the airframe is determined by perpass
through
covered
channels
along the outformance requirements. Early types of missiles side of the missile.
were strikingly similar in appearance to a jet
pictured in chapter 1, represents
fighter of similar performance, in the high sub- stillPolaris,
a
third
type
missile body configuration.
sonic speed range. The wings, like those of Note that there of
are
carrier aircraft, could be folded. Before launch- faces; any necessary no external control surchanges in trajectory are
ing, the wings were extended and locked in place.
accomplished
by
jet
deflection.
Note also that
Most modern missiles have wings that are the nose is bluntly rounded.
Its
trajectory
(fig.
folded (Tartar) or removed (Terrier, Taloa) 2 -24) takes it far beyond the
earth's
atmosphere;
when stowed, but the size, shape, and location
of the wings and fins halm undergone extensive it descends on its target at a steep angle, and at
speed. As it re-enters the atmoschanges for use at supersonic speeds. Newest tremendous
phere,
friction
with the air 'generates a great
mods of Tartar (fig. 2-10) and Terrier have deal of heat. The
polaris nose cone shape and
dorsal fins,
construction
have
been
determined by the reTerrier, Sidewinder, and Talcs are typical quirements of this problem.
The materials for
of present day airframes. In general, the air- the outer surface have
been especially developed
frame is a long, slender cylinder without wings. to resist high temperature.
Suitable insulation
Its tail fins provide weathercock stability. A
provided between the outer skin of the nose
second set of fins, mounted near the center of is
cone and the internal components, to prevent
the missile or forward of the center, provide damage
to the warhead. Advances intechnology
additional stability. Control of the missile is
have
permitted
changing from the blunt nose of
accomplished by pivoting one or more pairs of earlier mods to
the pointed nose of the AS.
fins, rather than by the use of conventional
The
two
configurations
of Asroc (antiailerons, rudders, and elevators. Note that, as submarine rocket; is not
in Terrier, the forward fins may be mounted at in size but each has four aguidedmissile)differ
major assemblies: pay45° angles to the horizontal and vertical.
load (warhead), airframe, ignition and separation
and rocket motor. During theballisThe note shape is'determined by other re- assembly,
tic
flight
(fig.
2-25) of the missile, the rocket
requirements. The Terrier noSit (not all mods) motor drops away when the
required velocity is
is long and slender,becluiSe that Shape has been
found highly efficient at supersOnic speeds. Side- reached, and the airframe drops away near the
of ballistic flight, freeing the warhead to
Winder, although it tkavelS at a comparable end
continue
intercept. The torpedo conspeed, has a hemispherial irget. This . is figurationtohastarget
a
parachute
which opens after the
necessar beCause of the infrared iiitekbpg rocket motor and the airframe
have dropped away
device located immediately behind the nose and carries it to water
entry. Both torpedo and
surface.
depth charge configurations have a nose cone
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needs no outside air supply, since it carries its
own source of oxygen. But this is a rather arbitrary distinction. Both types of engines operate by
expelling a stream of gas at high speed from a
nozzle at the after end of the vehicle. For our
purposes, a rocket canbe considered as a type of
jet engine.
The pulsejet, which propelled the German
V-1, was used by the Navy to propel an early
missile that is now obsolete. No current missiles are driven by pulsejets. Taloa is propelled
include the hydrodynamic qualities of a torpedo by a ramjet. The Navy used turbojets for its
and aerodynamic characteristics of a missile. Regulus I and II, and for the now obsolete
In size and shape it had to be made to fit a Petrel. Terrier, Sidewinder, and Polaris are
standard submarine torpedo tube, from which it propelled by solid-fuel rockets. Tartar, too,
is fired.
has a solid-propellant rocket motor, though it is

streamlined for aerodynamic flight but which
shatters upon water entry. The depth charge has
fin extension tips on the fail fins. The extension
tips are sheared off upon water entry. The fin
extension tips provide aerodynamic stability to
the depth charge from the time of airframe separation until water entry. Two of the fins are
plain fins and two are tee fins.
Because of the underwater-to-air-to-wat&
operational cycle of Subroc, its design had to

different from the othersit is a dual-thrust

PROPULSION SYSTEMS

GENERAL

Because chapter 4 is devoted to propulsion
systems, they will be covered verybrieflyhere.
The powerplants of guided missiles have been
referred to as "reaction engines." But strictly

speaking, any engine designed to propel a vehicle
is a reaction engine. All of them operate in
accordance with Newton' s third law, which states
that for every action there is an equal and op-

rocket motor (DTRM), which develops both
booster and sustainer thrust, eliminating the
need for a separate booster and sustainer for
the missile.

Current developments appear to indicate that,
until the advent of nuclear propulsion, most if
not all of our future missiles will be powered

by solid-fuel rockets.

Research on nuclear

propulsion engines is being conducted for use in

spacecraft as well as in missiles.

Although liquid-fuel propulsion has been con-

sidered too complicated for use in missiles, a
prepackaged and sealed liquid-fuel engine developed for the Bullpup air-to-surface missile
has been highly successful in tests. For this

posite reaction. For example, the forcethatthe
tires of a car apply to the road is opposed by an
equal and opposite force and it is this reaction application, liquid-fuel propellant and a propelthat drives the car forward. A propeller-driven lant pressurizing medium are permanently
aircraft operates by increasing the momentum sealed in a tank which is integral with the rocket
of the air; the resulting reaction is applied to thrust chamber. An outstanding feature of this
the propeller and its shaft, and, through athrust engine is that it requires no shipboard tests or
bearing, to the airframe. As wehavepointed out checkoff prior to mounting on the aircraft nor
earlier, speed requirements make it impossible before launching.
to use propeller-driven missiles. Because the
The liquid-fuel rocket is used in the Air
speed of the propeller tip exceeds the speed of Force Titan, and in that application it has certain
the airframe, the propeller tip enters the tran- advantages. Liquid fuel provides more energy
sonic zone while the aircraft speed is copsider- than an equivalent weight of solid fuel, and can
ably below the speed of sound. In the transonic maintain a' high thrust for a relatively long time.
zone, the thrust developedby the propeller drops A liquid-fuel propulsion system canbe shutdown
off rapidly, and a further increase in aircraft by radio command at any desired instant,
speed becomes impracticable. Therefore, all whereas a solid-fuel system presents complicacurrent guided missiles depend on some form of tions, although shut-down and restart have been
jet propulsion.
accomplished in experimental models. The
liquid-fuel rocket must have a rather complex
TYPES OF JET PROPULSION SYSTEMS
system of fuel and oxidizer lines and pumps, and
requires relatively elaborate equipment atthe
Popular terminology makes a diatection it
Bite. At present, a large missile
between jets and roekets: a jet takes in air launching
propelled
by a liquid-fuel rocket requires a
from the atmosphere, and propels itself forward lengthy "c01Mtdown" before firing. The last two
the air; a rocket
by increasing the momentum of
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factors make the liquid-fuel rocket impracticable

for ship-launched missiles.
The liquid-fueled Atlas, developed by theAir
Force as an ICBM, is being phased out for
missile use and is being changed for spacecraft
use. It, too, requires a long countdown, which
reduces its value as a deterrent missile.
WARHEADS

GENERAL

The warhead is the reason-for-being of any
service guided missile; it may contain any of
a large number of destructive agents. This
versatility must not be confused with interchangeability, because the design of the mis-

sile and warhead must be thoroughly integrated.
The guided missile fuze may be defined as
that device which causes the warhead to detonate
in such a position that maximum damage willbe
inflicted on an average target. A fuze may be

any of several types, such as impact, time, or

proximity.
Guided missiles are precision-built weapons;
they are expensive in manpower, materials, and
money. The most accurate control and guidance
systems will be of little value if the warhead
cannot produce enough lethal effect at the right
time to destroy or at least cripple the target.
The warhead problem must be solved for each
type of missile, to perm[t final crystalizationof
any integrated missile plan.
The ultimate aims and .desires of weaponMakers have always been to strengthen the
"arm" of the user. The rock in the hand of
primitive man added strength and distance to
the blows that he could deliver; the bow and
arrow greatly multiplied man's effective striking
distance; and the rifle and cannonhave progressively increased the strength and range of his
striking power. Guided missiles are a new
means for lengthening the arni of the user. But
the striking effect depends on the nature of the

missiles present a somewhat different problem.

The effective radius of damage from a highexplosive warhead in the air depends on the
type, shape, and size of the charge, and on the
nature of the target itself.
The designer of the payload for any type of

military weapon is faced with a number of
variables, some of which are unpredictable.
For example, in the design of an antiaircraft
missile, he must consider the following factors:

1. Altitude affects the lethal radius of a

fragmentation warhead; the fragments maintain a lethal velocity through a greater distance
at high altitudes.
2. The relative velocity of target and missile has a direct bearing on the optimum angle
of ejection of fragments. The designer must
determine the angle at which the greatest mass
of fragments should be ejected. The timing
sequence of fuze operation as well as the
guidance system of the missile, must function
with great precision if the target is to be
destroyed. The fuze must be both sensitive
and fast to ensure success against high-speed
aircraft or supersonic missiles.
3. The armor of the target, if any, influences the design specifications for fragment
size and velocity. Fragments that are effective
against conventional aircraft of today may
be too light or too slow to penetrate the protective covering of the airplanes or missiles of the
future.
The multiplicity of types of ground targets
has led to the development of numerous types
of lethal devicesfrom hand grenades to hydrogen bombs. A 500-pound bomb may be armorpiercing, semi-armor-piercing, or generalpurpose. R may be equipped with an impact fuze,
a time fuze, a proximity fuze, or a combination
of these types.

The type of target is the most influential
factor in warhead design. A fragmentation-type
warhead might be effective against conventional
aircraft,
or against missiles of moderate speed.
warhead and on how accurately it can be delivered But a missile
intended for use against a whole
to the intended target. The warhead of a guided fleet of attacking
bombers, a city, or against a
missile is its payload, and justification for high-speed ballistic
missile, would require an
employment of the missile lies in its ability to entirely different type
of warhead. Because of
deliver its payload tothe target.
the
wide
variety
in
types
of surface targets, it
A guided missile may carry one of the various types of warheads, and one or more ans. is necessary to have missiles that can use sevMissile warheads ititendedfor use against ships eral types of warheads interchangeably, or to
or land targets present: design, problems similar develop a whole family of missiles.
The third component of the warhead, the
to those of older weapons. Surface. u-air safety
and arming device (S&A), is of critical
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The damage produced by a fragmentation
importance with nuclear warheads. The S&A warhead
(in part) on the amount of metal
device must prevent accidental detonation and availabledepends
to form fragments, and on the amount
must initiate detonation at the moment desired.
explosive available for breaking the casing
In nuclear warheads there are several devices of
Aerial targets
to prevent accidental or premature detonations and propelling the fragments.
to
damage
by fragments
are more susceptible
if the warhead explodes a short distance away,
TYPES OF WARHEADS
rather than in contact with the target. Against
a partially protected surface target, a fragwhen exThe types of warheads that mightbe used with mentation warhead is most effectiverather than
ploded
in
the
air
above
the
target,
guided missiles include: external blast, fragthe ground. Figure 3-4 shows this effect.
mentation, shaped-charge, explosive-pellet, on
Fragments
from the air burst strike the partially
chemical, biological, nuclear, continuous rod,
protected
target
and the entrenched personnel.
clustered, thermal, illuminating, psychological,
A
fragmentation
warhead can have a greater
exercise, and dummy. Those that are intended
distance than a blast warhead and still
for use against an enemy are not true warheads miss
remain
effective. The pattern of fragmentation
within the definition of warhead, and are usually
also
makes
a difference in effectiveness, as
referred to as heads, such as exercise heads.
Some types of warheads will be discussed in a
classified course, Navy Missile Systems, NayPers 10785-A.
NITALtIC FRAGMENTS
The blast
BLAST-EFFECT WARHEAD.
effect warhead consists of a quantity of highexplosive material in a metallic case. The
force of the explosion sets up a pressure wave
in the air or other surrounding medium; the
pressure wave causes damage to the target.
This type of warhead is most effective against
underwater targets, because water is incomMAIN EXPLOSIVE MARGE
pressible, and relatively dense. Torpedo war
heads are of this type. Blast-effect warheads
33.8
have been used successfully against small
Figure 3-3.Basic construction of a
ground targets. They are considerably less
fragmentation warhead.
because
the
effective against aerial targets
severity
density of the air, and therefore the
of the shock wave, decreases with altitude.
FUSS TIMER

IIINttING CHARGE

.

FRAGMENTATION WARHEAD. The fragmentation warhead uses the force of a high-

explosive charge to break up the warhead
casing into a number of fragments, and to

propel them with enough velocity to destroy or
damage the target. The size and velocity of
the fragments, and the pattern in which they
are dispersed, can be -controlled by variation
in the design and construction of the warhead.
The velocity of the fragments depends on the
type and amount of explosive used, and on the
ratio of explosive-to-fragment weight. The

average size of fragments depends on the
shape, size, and brittleness of the warhead

casing, and on the quantity and type of etyllosiVe. Greater uniformity in fragment size can
be achieved by scoring or otherwise weakening
the casing in: a regular pattern, as shown in
figure 3.3.
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Figure 3-4.Effect of fragmentation warhead
on surface target.
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does the velocity. The payload can be designed
to "propagate" its energy and material in all
directions. This is called isotropic propaga-

OUTER

tion (fig. 3-5B). When the payload is designed
so that more fragments or energy are released
in one direction than another, the propagation
pattern is called nonisotropic (fig. 3-5A). It is
more effective than an isotropic payload of the
same size and weight if you know
to aiin
it. This directing of the explosionwhere
is the basis
of the shaped charge effectiveness. A large part
of the warhead's explosive energy is directed
to the target in a narrow beam.

SHELL

SCORING OF
WARHEAD BODY

Advanced Types of Fragmentation
Warheads

144.16

A knowledge of fragmentation propagation is

a basic requisite in designing many types of
warheads. Theories are checked out with the
use of scaled models, using different types of

explosives, and varied missile shapes and casing
thicknesses. These studies have resulted inthe
development of warheads with controlled Size,
shape, number, and initial velocity of fragments.
The initial velocity of the fragments depends on

Figure 3-6.Controlled fragmentation warhead.
the charge-to-mass ratio of the missile, the type
of explosive used, and the shape of the fragments.
Test firings have substantiated the value of the
controlled designs. One type of controlled fragmentation warhead is shown in figure 3-6. Var-

ious shapes and sizes of fragments have been
tested for different types of targets. The most
effective types have been adapted for some
missile warheads.
Shaped-Charge Warhead

_17441.

A shaped charge consists of a casing and a
quantity of high explosive. The explosive is so
shaped that the force of the blast it produces is
largely concentrated in a single direction. Asa
result, a shaped charge has high penetrating
power. It is widely used against armored surface targets. For example, the antitank bazooka
used during World War II and in Korea used a
shaped charge.

Figure 3-7 shows how the shape of the
charge affects the penetrating ability of the
blast. All three of the charges shown in the
figure have the same weight and type of explosive. The flat charge at the left produces an
explosive force rather evenly distributed over a

given area of the target; this charge produces
little penetration. The shallow-cone shape of the
middle charge produces a greater concentration
of the explosive force, and penetration of the
target is deeper. The deep-cone shape at the

Figure 3-5.Payload propagation:
A. Nonigotropic; B. Isotropic.

144.1.5

right has concentrated the explosive force so as

to penetrate the target armor. Metallic fragmeats of the armor can now reach the interior
of the target, and do additional damage.
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Figure 3-7.Penetration effectiveness of various shaped charges.
In the explosion of a shaped charge, a beam
of very hot gas (called the jet) is ejected at an
extremely high velocity. If the cavity is lined
with some material that canbebroken into small
pieces or can be melted by the explosion, the

33.9

individuul charges that can withstand the initial
blast of the principal warhead while still ensuring explosion at or within the target.
Chemical Warheads

A chemical warhead is designed to eject
efficiency of the charge is greatly increased.
The small particles of the liner are carried by poisonous or corrosive substances and thus
the jet, which is thus increased in weight. As a produce personnel casualties, or to destroy
combustible targets by the use of incendiary
result it can penetrate`a thick target.
When used in guided missile warheads, materials. Warheads containing gases may
shaped-charge explosives have possibilities of liberate any of the well -known types such as
great effectiveness against both aircraft and mustard gas, lewisite, or some newly developed
chemical. The effects produced are either denial
heavily armored surface targets.

of the use of the target area or personnel

Explosive-Pellet Warhead

An explosive-pellet warhead consists of a
group of separately fused explosive pellets
housed in a casing. The easing contains an
additional quantity of explosive to eject the
pellets from the math warhead casing. The
pellets themselves de not explode until they
contact or penetrate the target. If the target is

an aircraft or. missile, maximum destruction

can be accomplished when the pelletti are
detonated after penetrating the outer skin of
pellet contributeS both bJst
the target.

effect and igh-velocity metallic fragments. when
detonation occurs.
The aitplosive-pellet is an ideal weapon for
Use avant* aerial targets. Its full development
.

is dependent upon perfecting a fuse for the

casualties within the area. Missiles equipped
with chemical warheads also serve as possible
counterthreats to initiation of gas warfare by
the enemy. It is likely that quantities of
poisonous war gases are included in the arsenal
of every major power, and the possibility of
their use remains a threat. However, the cer

tainty of retaliation in kind has served as a

deterrent since World War I.
A variety of disabling gases have been developed. These gases temporarily inactivate mili-

tary and/or civilian personnel by a variety of
effects, without death or permanent disability.
The possibilities of these agents have been exploredin research and tests and some have been
used in riot situations.
The incendiary warhead contains a material
that burns violently and is difficultto extinguish.
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Chemical weapons are useful principally against
ground targets, but may alsobe effective against
aerial targets that contain combustible materials. Incendiary materials suitable for use in
warheads include magnesium, jellied oil or
gasoline, and phosphorous. Incendiary warheads

are also referred to as thermal or fire warheads.
Biological Warheads

A biological warhead contains bacteria or
other living organisms cirkble of causing sickness . or death. The biological agent can be
specifically chosen for use against personnel,
livestock, or crops. Antipersonnel agents might
be chosen to cause either temporary disability
or death, depending on the objectives of the
attacker. An explosive charge placed in a
biological warhead would ensure ejection and
initial dispersion of the biological agents. Special attention must be given to the design and
construction of biological warheads in order
that the bacteria or other agent will remain
alive, and be carried to the target under the
most favorable conditions.
Probably every major nation has an arsenal
of biological material to use in "germ warfare"
in such a variety of ways that it would tax the
imagination of the average person. Use of "germ
warfare" has been restrained, as in the case of
chemical warfare, for fear of retaliation in kind.
Other Special Purpose Warheads
Several other special types of warheads may
be used. These include: radiation, illumination,
psychological, exercise, and dummy warheads.
RADIATION warheads may use radiological
material in the same manner as chemical or
biological agents, scattering the radioactive
material according to plan. The possibilities
and ramifications of this type of warfare will
not be explored further here.
ILLUMINATING warheads have long been
used in projectiles during night attacks to point
out or silhouette enemy fortifications. This has
been especially useful during Shore bombardment. Illuminating warheads are also used in

aircraft bombs and rockets to assist in the
attack of ground targets, and submarines. No
application has been made in guidtd missiles.
PSYCHOLOGICAL warheads do not carry
lethal or destructive agents, but carry material

warheads. Decoy warheads may carry "window,"

which causes false radar echoes, or noise-

makers to confuse sonar operators of antisubmarine ships.
A DUMMY warhead has only the outward
appearance, the size, shape, and weight of a
real warhead. It is used intraining and practice
operations.
EXERCISE or training warheads do not
contain any explosive material but otherwise
contain the parts of a real warhead, so they can
be assembled, disassembled, tested for electrical continuity, and otherwise used for training
exercises.
The ASROC (Rocket Thrown Torpedo) uses a

torpedo for its warhead.

Nuclear and Thermonuclear Warheads

A number of present day guided missiles
are equipped with nuclear or thermonuclear
warheads.
The blast effects and radiation
effects which result from the detonation of these
warheads cause immediate physical damage to
a large target area, and sickness and death to

personnel a considerable distance from the
explosion. The blast effects are, of course,
many times greater than those effected by the
detonation of conventional explosives.

After

effects caused by the settling or fallout or

radioactive material can result in sickness and
death of personnel at great distances from the

explosion, depending on wind and other atmospheric conditions.
The development of tactical nuclear weapons
with varied methods of delivery makes obsolete
the concept that nuclear weapons are used only
to devastate whole cities or metropolitan areas.
We still have the large bombs and missiles to
do the strategic job, but we also have the much
smaller weapons to gain tactical objectives.
FUZES

A fuze is a device that initiates the explosion
of-the warhead. Ina guided missile the fuze may
or may not be a physical part of the warhead.
In any case, it is essential to proper warhead
operation. A large variety of fuze types is
available. The fuze type for a given application

depends on characteristics of the target, the
missile, and the warhead. To ensure the highest
designed to create a psychological effect on the probability
of lethal
enemy rather than actual physical damage. Pay- design must be baseddamage to the target, fuze
loads may be propaganda leaflets, mysterious ability, speed, size, on the location, vulnerand physical structure of
objects that appear dangerous, inert or dummy the
target.

1
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the missile approaches the target (fig. 3-9C),
the impact fuze will still function on contact.

Impact Fuze

been used chiefly
Impact fuzes are actuated by the inertial This combination of fuzes has
The
Sidewinder and
air-dropped bombs.
force that occurs when a missile strikes a on
Sparrow
also
use
such
a
combination.
target. Figure 3-8 is a schematic representation of an impact fuze and the explosives it sets
off in the warhead. As shown in the left-hand
diagram (fig. 3-8A), a charge of sensitive explosive is contained in the forward end of the
fuze; a movable plunger is mounted in the after

Time-Delay Fuze

Time delay fuzes are used in some types of

is designed to detoend, where it is held in place by a spring or gun projectiles. This fuze predetermined
time
nate
the
warhead
when
a
other suitable device. (The booster and main has elapsed after firing or launching. One type
charge are not part of the fuze.)
of time-delay element consists of a burning

During the flight of the missile, the plunger
remains in the after end of the fuze. When the
missile strikes the target, it decelerates suddenly, and the inertia of the plunger carries it
forward. As shown in the right-hand diagram,
figure 3-8B, the plunger strikes the shocksensitive priming mixture anddetonates it. This
charge in turn detonates the booster charge

powder train; another uses a clocklike mechanism. In either type, the time interval cannot be
changed after launching. For that reason, preset
time-delay fuzes are unlikely to be used in guided
missile warheads. Preset time-delay fuzes can

be used for stationary targets. With a moving

target, especially a fast moving one like a missile or aircraft, the time delay would be in
which detonates the main bursting charge of the error most of the time. If the delay problem
warhead (fig. 3 -9A). A time delay element is is considered one of distance rather than time,
sometimes used in conjunction with an impact the fuze can be placed at the rear of the warfuze, so that the warhead can penetrate the tar- head, and the desired result could be obtained
get before detonation (fig. 3-9B).
as the warhead would penetrate the target beSuch fuzes are
An impact fuze may be used in conjunction fore the fuze could function.
projectiles,
usually
used
for
armor-piercing
with a fuze of another type, such as a proximity
and
antitank
missiles.
fuze. If the proximity fuze fails to operate as

MAIN
CHARGE

MAIN
CHARGE

BOOSTER
CHARGE

BOOSTER
CHARGE

PRIMING
MIXTURE

PRIMING
MIXTURE

DIRECTION
OP FLIGHT

PLUNGER

PLUNGER
TUBE

TUBE
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Figure 3-8.Impact fuze action: A. Before impact; B. After impact.
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Proximity Fuzes
Proximity fuzes are often called VT (variable

time) fuzes. They are actuated by some char-

acteristic feature of the target or the target area
(fig. 3-9C). Several types of proximity fuzes are
possible; for example; photoelectric, acoustic,
pressure, radio, radar, or electrostatic. Each
of these types could be preset to function when

A

the intensity of the target characteristic to
which it is sensitive reaches a certain magnitude.

Proximity fuzes are designed so that the
warhead burst pattern will occur at the most

IMPACT FUZE

effective time and location relative to the target.
Designing the fuze to produce an optimum burst

pattern is not easy, since the most desirable
pattern depends largely on the relative speed of
missile and target. If targets with *idely vary-

ing speeds are to be attacked, it might be possible to adjust the fuze sensitivity for t.ite ag,eed
of the individual target, as predicted by computer. Proximity fuzes activate the warhead

IMPACT FUZE WITH
TIME DELAY ELEMENT

detonating system after integrating' two factors:
the distance to the target, and the rate at which
the range is closing.
Since a proximity fuze operates on the basis
of information received from the target, it is
subject to jamming by false information. This
is one of the important problems in proximity
fuze design. The fuzes are designed for the
Maximum resistance to countermeasures consistent with other requirements. If the fuze is
made inoperative by jamming, the missile cannot
damage the target unless it scores a direct hit.
A more serious possibility is that jamming,
instead of making the fuze inoperable, might

cause premature detonation of the warhead
before the missile came within lethal range of
the target. Some counter-countermeasures
(CCM) have been devised to counteract or bypass the effects of enemy countermeasures.
Although any of the effects listed above
photoelectric, acoustic, pressure, electromagnetic (radio, radar), or electrostaticcan be

Y. T. OR
PROXIMITY FUZE

used as the basis for proximity fuze action, and

although all of them have been used at least
experimentally, it has been found in practice
that the radio proximity fuze is more effective
144.17 than tiny of the others. This fuze transmits
Figure 34.-rInfluence of. fuze type on point of high-frequency radio waves, which are reflected
warhead detonation: A. Impact fuze;
Time7 from the target as the missile.approaches it.
delay impact fuze; C. Proximity fuze.
BecaUse of the relative motion of missile and
target, the reflected signal, as received at the
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missile, is of a higher frequency than the transmated signal. The two signals, when mixed,
will generate a Doppler frequency, the amplitude
of which is a function of target distance. When
this e:nplitude reaches a predetermined level,
the fuze functions and detonates the warhead.
A rAilio fuze uses signals of a lower frequency

also be called an AMBIENT fuze, that is, a fuze
acted upon by the environment of the target,
rather than by the target itself.
AMBIENT type. fuzes might be used against
stationary ground targets but they could not react swiftly enough to follow the almost in-

stantaneous changes of altitude that a missile
or modern aircraft could undergo. Also, a
thln 2 radar fuze.
..krOUSTIC systemti ('actuated by sound waves target could be thousands of miles from the
iron, the target) are obsolete because of the launching point of the missile and it would be
speed of present day missiles, which outrun extremely difficult to know the best air pressure
to set into the fuze for detonation.
sound. Acoustical sensors are still used to value
PHOTOELECTRIC
fuzes react to external
A
diaphragm
activate mines and torpedoes.
light sources and ordinarily are inoperable in
1..7pi) mechanism vibrates when sound. waves
lz:k",der water strike it, exerting pressure on an conditions of low visibility.
in

crystal that sets off the mine.

The

acoustic fuze must react only to specific sounds

sensitive but

not o all sounds. The need ter
selw,tive acoustic fuzes is one 0 the rearms

for the 14.'0 studies on amide made by f: 41; and
sea mammals.
MAGNETIC inclueilon mines can be set off
by the magnetie field of an a; iproaching ship, but

this system is not used in gu±ded missiles.

Magnetostatic fuzing is also ursd for subsurface
targets, but. its use in air systems is still in the
developmental stage. The mavetic field that

surrounds the oarth, and the Itvtation in the
ati magnetism,
earth's magneileni waled
are the forces used in magnetostatic fuzing.

ELHOTROMAGNETIC fuzva may operate

with radio, radar (microwave), infrared, or

ultraviolet waves. The basic proximity fuze
must have a transmitter - receiver, amplifying
circuitry to amplify the return signal so it will
activate the detonator, eleidrical safety devices
to prevent premature detonation, and a power
supply to generate and provide electrical power
to the fuze.

ELECTROSTATIC fuzing has application over

short distances. It may use active, sezniactive,
passive, or . semipassive modeS of operation.
Air targets become electrostatically charged as

they pass through the atmosphere, but water
vapor or rain dissipates much of the charge,
which poses a problem for the fuze.
HYDROSTATIC fuzes are operated by the

pressure variations in the ocean as caused by
the passing of a 'ship or submarine. To avoid
premature firing by natural 'mite action;
pressure-firing mechanisMs are designed .so
they: will not be affected by. midi motion ed.*,
water. Pressure- firing mechanisms are, seldom

alone,,but are generally comb?? ed with other

influencerfired devices, A hydroziatic ftize may

Ground-Controllsd Fuzes
In gi'ou:ad- oz. ship-controlled fuzes, some
device is employed to measure the distance
from missile to target. The control device is
not 'mounted in the fuze, but at some remote
control point. When the proper distance exists
between missile and target, a signal is Ben'. from
the control point to pause detonation of the warhead. ".'11:e method is most often used vith

in:clear warheads. Our missiles in silos (Minuteman, for example) are ground controlled.
Studies are underway to make possible control
from the air.
Design Considerations
A fuze must be reliable, accurate, and safe.
It must he safe for the men who must handle it
and also safe against countermeasures by the
enemy. At the same time, it must be sensitive
enough to detonate upon signal. To increasethe
probability of an optimum detonation, the weapon

designer may put in duplicate ,ysiems (re-

dundancy), or he may have two types of fuzes,
so that if one fails there is another. The many
variades that must be considered in designing
a fuze for a guided missile make it a difficult
and complicated problem repiring constant
study and expez.zaentatton to make improvements.
SAFETY AND AP.MING.Each fuze has a
safety and arming (S&A) device to control the
detonation of the payload, so there will not be a
premature detonation nor a dud. While this is
important MT' all weapons, it is especially so
for nuclear warheads. Redundancy is used to
emanre arming at the proper instant and safety
at all other times. The safety device shown

ht firtre 9-10 is a physical barrier between
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Figure 3-10.Schematic of typical explosive train with safety device.

the sensitive and insensitive segments of the
explosive train. This physical barrier is not
removed until armed status is required. It is
usually of metal and acts as a fuze might. The
purpose of this barrier is to prevent detonation
of the large segments of insensitive explosive

if the fuze is unintentionally activated.
The safety devices included in the S&A are
designed to prevent accidental activation. The
purpose of the primary safety mechanism is
for safe fUnctioning of the missile; the secondary
safety device is mainly for the purpose of overcoming countermeasures. This is becoming
increasingly complex.

Since the arming device is actuated by a
specific signal; such as the radar waves from

a target, the countermeasure may. supply a false
target signal. Bylaunching a decoy, orby some
other method the enemy may deceive the arming
device. The safety device mustprevent arming
by the false signal. As meationedbefore, this is
a complex problem which requires. -ebnitaat
study. A further complication is the fact that
the S&A' device Cannotbe given a complete test,

for to do No would destroy the .S&A in most

144.18

cases. This is too costly. Instead, redundancy
is used in both safety and in arming devices to

achieve a high reliability.
FUZE POSITION IN WARHEAD.In general, fuzes may be classified as NOSE FUZES,
located in the nose of the warhead, or BASE
FUZES, located at itssfter end. The fuze or combination of fuzes to be used, and their location
in the warhead, depend on the mission at hand

and the effect desired. Proximity fuzes are

always in the nose of the missile.
SIGNAL AMPLIFICATION.The signal received from the target may need to be amplified

to, be of sufficient strength to be read by the
fuze. The type of amplifier used depends on the
signals received by the target detection device
(TDD), whether they are infrared rays from the
target, radar waves, or audio signals.
The fuze booster amplifies the detonation
signal sent by the fuze. The amount of explosive
in the fuze itself is very small but very sensitive.

The fuze booster is larger and less sensitive'
it multiplies the strength of the fuze signal and

initiates the detonation in the .next portion of the
explosive train.
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TELEMETERING SYSTEMS

THE NEED FOR TELEMETERING

When any complex device or system is under
development, it must be given an exhaustive se-

ries of tests which will reveal its operating
characteristics and serve as a basis for its

tactical evaluation. With most devices and systems, conditions are such.that human observers
can etudy these characteristics close athand and
measure numerous quantities while the device
or system is in actual operation. For example
a new airplane is repeatedlyflovm under varying
conditions by a skilled test pilot. Each flight
provides first hand information to the pilot, as
well as information derived from specialized
recording instruments carried in the plane.

Should the plane crash, with the loss of the
pilot and . recording equipment, the cause of

a distance." In actual
from
telemetering practice, the measurements are

urement

done by various equipments in the missile while

it is in flight. These measurements are then
transmitted to a ground station by electronic

means and analyzed partly during the flight and
partly after the flight. This telemetering
permits the measurement and study of missile
component performance from a remote point.
PHOTOGRAPHIC RECORDS

Photographic or other recordings made in
the missile itself are not considered telemetering, because there is no great distance between
the measuring and the recording instruments.

One basic exception is visual measuring
(sometimes referred to as external telemetering) that is done at remote stations rather than

failure may never be determined.

in the missile. An example is the use of cameras

tested by a human pilot. Inmost cases a missile

used to photograph the missile's flight. One such
camera, the THEODOLITE camera, takes pictures of the missile in flight, and, at the same
time, continuously records the azimuth and
elevation of the camera, as well as the time at
which each frame is exposed. By using two or

The problems encountered in missile development are greater than those met in airplane
development since the missile cannot be flight-

is lost forever shortly after launchingbeing

reduced to junk on striking the Surface of the
earth; or falling into the sea.
The test versions of Regulus were designed
for intact 'recovery after test flights, and recording. equipment to indicate the second-by-

(at the launch site or other points) which are

more of these cameras and a triangulation
process, a missile's range, bearing, altitude,

and velocity can be computed for any instant of
to show the
second performance of missile components could flight. This data can then be plotted
such as
missile's
flight
path.
Other
information,
be carried within the missile itself. But most missile flight attitude, control surface movemissiles are nonrecoverable. Telemetering ments, target intercepts, and any breaking up of
equipment is therefore essential to an evaluamissile due to malfunction, can also be obtion of component and system performance, the
tained
from the pictures. The information oband to indicate the cause of component failure.
tained
from visual recordings is, of course
As you know, guided missiles are subjected to
limited
the quality of the camera (resolving
a series of rigid systems tests on the ground power, by
etc.), the weather, and the range of the
during and after "their development. However,
recording data is
the results obtained on the ground may be very missile. Although visual
development
and flight
different 'from those obtained-froth a missile in very valuable inmissile
testing,
it
is
limited
tooverall
missile
performflight. Temperatures; pressure's, and acceleracannot
show
the
internal
ance
and
therefore
tions encountered in flight may signifiCantly
operation
of
the
missile
components.
change the operation of the missile.: Electrcinic
An instrument panel observed through a
and other types of control system equipment may television
camera constitutes a form of telereact verY.differently under the stress of flight
metering
with
a large number of channels, in
conditions than, they do on 'the ground: 'For
which
quantitative
information is made immethese Treasons, certain Plight -test methods have
diately
available
for
observation and recording.
been developed to provide groUnd personnel
in-tlight
with an accurate basis for determining
RADIO TELEMETERING
performance.
Theie flight-teating methods rely on a proTelemetering of data relating to the mis,- cess called.TELEMETERING, The word °tele- sile's internal operation is accomplished by_the
meter° is of Greek origin and means' ameas-
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use of a radio link. Radiotelemetering has been
great deal of information is needed durin use since the mid- thirties, especially for ingAthe
various stages of a missile test or
transmitting weather data gathered by balloon- development program,
on such subjects as
supported instruments. This data is emitted to launching performance, flight
data, and operremote stations by radio transmitters. The ation of the control and guidance
principal element of this kind of equipment is Data measured by the telemetering systems.
systems
called RADIOSONDE, and is still one of the of guided missiles include (1)
changes
of attiaerographer's most important weather- tude in roll, pitch, and
yaw;
(2)
flight
data
such
predicting devices. Suspended from weather as air speed and altitude; (3) missile acceleraballoons, radiosondes provide weather infor- tion during launching or maneuvering;
(4) ammation by sampling the readings of various bient conditions of temperature,
humidity,
meteorological instruments in sequence. Re- pressure; (5) structural information suchand
as
sistance values are caused to vary with humidity, vibration and strain;
(6) control functions,
temperature, etc. This variation in turn causes such as operation of the control
modulation of the transmitter carrier frequency. pilot operation, servo operation,receiver, autoA simple telemetering system might meas- of control surfaces, and operationdisplacements
of the homing
ure only "yes-non information such as whether or other target-seeking equipment;
(7) proor not the fuze is armed at any given instant. pulsion information,
including fuel flow and
This type of system tells an observer when an thrust, temperatures and
event has taken place. A usual method is to rocket assembly; (8) ordnancepressures in the
functions such as
change an audio modulation frequency each time fuze arming time* (9) upper-air
research data,
an event takes place. The frequency change such as sampling for cosmic radiation*
(10) the
radiation;
*gives evidence that .the transmitter was working performance of the electric, hydraulic,
pneuboth before and after each successive event. matic systems; and (11) information
on the perIn such a transmitter no rigid demands are formance of the telemetering
made on the stability of the audio frequency, including reference voltages forequipment itself,
calibration and
or upon its waveform.
time marks, to permit synchronizing recordings
Missile radio telemetering systems (includreceived by several different receivers loing ground equipment) are usually designed to as
cated along the flight path.
carry out the following major processes:
Many of these measurements are inter1. Observation of missile functions.
related. Some of them require a high order
2. Conversion of the measured quantities of time resolution, especially
as the speed of
into electrical signals.
the missile increases. For others, a few
3. Transmission of the signals from the samplings per second are adequate.
A telemissile to a receiving station.
metering
system
must
be
capable
of
transmitting
The receiving station performs the following large amounts of varied data
each second.
functions:
With
so
much
information
to
be
handled, a
1. Receives the transmitted signals.
multi-channel system is plainly indicated,
2. Decodes the signals.
because a single commutated channel would not
3. Displays various data in visual form.
give sufficient time resolution.
4. Records information permanently for fu. The missile-borne telemetering
equipment
ture use.
must meet certain design specifications which
The requirement that the telemetering sys- include:
tem accurately transmit a large amount of data
1. Being sufficiently light .in weight so the
in a short period of time has resulted in the flight
characteristics ,of the missile will not be
development of very reliable radio telemetering affected.
systems which employ MULTIPLEXING to pro2. Being rugged enough to withstand the
vide the necessary number of data channels. .severe
forces, pressures, and temperatures
encountered during missile flight.
TELEMETERING REQUIREMENTS
.
3. Being small enough to permit ease of
installation.
Guided missiles present their own peculiar.,
4. Being expendable.
problems, caused by limited space, high launch5. Being reliable enough to ensure that the
ing acceleration, high speed, and the varied and quantities being measured
are faithfully transnumerous measurements required.
mitted to the receiving station. Because most
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missiles are fired only once, the telemetering also result in a saving in the time required
must be reliable or a sizable expenditure of for missile instrumentation.
Missile telemetering systems in general
time and money will be wasted. Accuracy, stability, and simplicity are imperative. Because consist of the components shown in figure 3-11.
of these requirements, telemetering personnel The END INSTRUMENTS located in the missile
check their calibration work just prior to measure the desired quantities, and produce
launching. Launching subjects the missile- corresponding data signal voltages which are led
borne telemetering equipment to severe con- to a bank of subcarrier oscillators. Here the
ditions of acceleration, vibration, and some- data signals frequency-modulate the oscillators.
a mis- The resulting signals are combined to produce a
times condensation. For example,
sile is launched at high altitude from a parent single complex signal which is then impressed
plane, its parts may be cold. When the missile on a v-h-f carrier signal and transmitted by the
reaches a lower altitude, the condensation missile telemetering antenna. At the remote
that takes place may impair operation of the receiving station, the transmitted signal is
received and eventually broken down into its
telemetering equipment.
The missile may roll, or it may be thrown components, permanently recorded, and

into a climb or dive, and through all these analyzed.
gyrations the telemetering equipment must con-

tinue to function. A directional antenna may
cause the signal to be lost entirely, long
with valuable information, at a critical time;
such an antenna requires a number of datareceiving stations to ensure continuous recep-

End Instruments

should be such that reception is not impaired
by changes in missile attitude. The antenna
should be designed for minimum aerodynamic
drag; with supersonic missiles, this requirement is particularly important. Nose probes
or an insulated section of the missile nose are

m etered.

mitting antenna.

served for the devices that convert nonelectrical

tion. The pattern of the antenna on the missile

The end instruments are the sensing devices
which are carried in the missile to observe the
components on which information is to be tele-

End instruments that are common to all
systems fall into two classes: PICKOFFS and
TRANSDUCERS. (Transducers are sometimes
referred to as pickups.) In telemetering parlance, the term "pickoff" is usually reserved

sometimes used as radiating surfaces. In for devices which collect data in electrical form
some missiles, a part of the airframe itself and relay that data in electrical form.
The term "transducer" generally is reis excited by a feedline and serves as a transAs in any system of measurement, the telemetering system should neither impair the
operation of the equipment it monitors, nor
exert an undue influence on the quantities it
measures. In small missiles, the distribution

of telemetering instruments must be so ar-

ranged that the center of gravity remains undisturbed.
COMPONENTS OF A
TELEMETERING SYSTEM

The nature of the telemetering installation
is determined by the requirements of the particular test, and the exact functions to be te-

lemetered for each flight must be car fully
For example, a small number of
chosen.
functions may be studied with great precision,
rather than a larger number of functions on a
time - sharing' basis. Such' a selection' might

indicationsfor example, mechanical motionto
voltages which can be used for telemetry transmission purposes.
(Because of the necessity for compact missile equipment, telemetering end instruments
are very often built into the missile as integral
parts of the overall system.)

The exercise head is the location of the

major components of the missile telemetering
equipment. When the exercise head's installed,
connections are made to the missile components

that are to be tested.
The most common type of telemetering system Used for guided missiles is the f-m/f-m,
or DOD (Department of Defense) system. Pulse
telemetering systems are also used to a limited
extent.

The f-m/f-m telemetering system uses the

basic techniques of frequency modulation and can

be used to transmit large quantities of missile
data very rapidly.
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Figure 3-11. Basic telemetering system. A. Location of components in missile;
B. Simple block diagram of a 3.hhannel f-m/f-m telemetering system.
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Pulse telemetering systems operate on a

ing those intervals. This process is often re-

time-sharing basis; that is; they transmit sepa- ferred to as TIME- DIVISION MULTIPLEXING.
Data transmitted from the missile may be
rate items of information one at a time and in a
regular sequence. The missile data suppliedby observed on instruments as the flight proall the channels are transmitted on the same gresses, and simultaneously recorded on film
carrier wave; but each channel is sampled for or magnetic tape. Suitable decoding and comcomparatively short intervals of time and is puting equipment are used to facilitate the work
permitted to modulate the transmitter only dur- of data reduction and analysis.

CHAPTER 4

MISSILE PROPULSION SYSTEMS
INTRODUCTION

A brief history of the evolution of missile
propulsion systems was presented in chapter 1.

Chapter 3 gave an overview of the types of

increasing efficiency of countermeasures tends
to make all subsonic missiles obsolete. Missiles
intended for use against high-speed enemy missiles and manned aircraft must be capable of
high speeds. All air-to-air and surface-to-air
missiles now operational fly at supersonic velocities and depend on some form of jet engine for
propulsion.

propulsion used in present-day missiles, and of
possible future developments. This chapter will
present the principles of operation of the different propulsion systems and the application of
Jet propulsion is a means of locomotion
basic laws of science to them. The different brought
about by the momentum of matter
types of propellants used and the methods of expelled from the after end of the propelled
using them are discussed. Advantages and dis- vehicle. This momentum is gained by the
comadvantaged of each type are recounted. New bustion of either a solid or a liquid fuel. Comcombinations and experimental propellants are pared to reciprocating engines, jet propulsion
touched upon.
systems are simple in construction. The basic
components of a jet engine are a combustion
GENERAL
chamber and an exhaust nozzle. Some systems
require accessory components
The propulsion system of a missile is the jectors, turbines, diffusers such as pumps, inand ignition systems.
entire system required to propel the missile,
including the engine, accessories such as pumps CLASSIFICATION OF
and turbines, pressurization system, tankage and JET SYSTEMS
all related equipment.
-Until the start of. World War II, the recipJet propulsion systems used in guided misrocating engine-propeller: combination was con- siles may be divided into two types:
ductedprosidered satisfactory for the propulsion of air- pulsion systems (also called atmospheric
jets)
craft. We have alread explained the speed and rockets.
limitations of propeller-driven craft. . As the
using a ducted propulsion system
speed of the propeller approaches the speed of are Missiles
air -breathing missiles; they are incapable of
sound, shock waves form and limit the devel- operating in a vacuum. The missile takes in
opment of thrust. This .condition requires tht a quantity of air at its forward end, increases
use of extremely large engines to product any its momentum by heating it, and produces
further increase in speed. Research in the thrust by permitting the heated
air and fuel
design of propellers may make it possible to combustion. products to expand through
an exovercome some of their limitations. But at haust nozzle. This process may be broken
present, some form of_ jet propulsion is re- down into the following steps: air is taken in
quired for high subsonic and supersonic speeds: and compressed; liquid fuel is injected
into
GUided missiles must travel at high speeds the compressed air; the mixture is burned;
to lessen the probability of interception and de.f.t .and the resulting hot gases are expelled
struction by enemy countermeasures. Although' a nozzle. The air may be. compressedthrough
in
a few highLsubsonic missiles are still opera- of several ways. In a turbojet engine, airany
is
tional for use against surface targets, most of compressed by a rotary compressor, which in
those on hand are used for target, practice. The turn is operated by a turbine located
in the

1
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PRINCIPLES OF JET PROPULSION

path of the exhaust gases and mounted on the
same shaft as the compressor. (A turboprop
engine, now used in some manned aircraft but
not in guided missiles, makes use of a propel-

BASIC LAWS AND FORMULAS

ward motion for compression. It differs from the
ramjet in that combustion is intermittent, rather
than continuous.

as for driving various mechanisms within many
missiles. These gases may be in the form of
high pressure air (or other inert gases) stored

Before taking up propulsion systems, let us
ler mounted at the forward end of the comreview
the way gases are affected by variations
pressor turbine shaft.) In a pure duct system,
in
pressure
and temperature. Gases at high
such as. the ramjet, air is compressed by the
temperatures
and pressures are used in the
The
forward motion of the missile through it.
main
propulsion
systems of missiles, as well
fornow obsolete pulsejet also depends on

Rockets do not depend on air intake for
their operation, and are therefore capable of
traveling beyond the atmosphere. A rocket

engine carries with it all the materiels required for its operation. These materials

in flasks, or in the form of fuel combustion
products. The use of stored compressed gas
has been limited to small vernier rockets in
ballistic missile reentry bodies, but flasks of
compressed gas are used to operate parts of
missiles, for launching Polaris, and for dud-

usually consist of a fuel and an oxidizer. The jettisoning some missiles.
oxidizer is a substance capable of releasing
all the oxygen required for burning the Absolute Pressure
fuel.

Figure 4-1 charts the types of jetpropulsion
systems. Both types, rockets and atmospheric

jets, receive their thrust as reaction to the

Although we live at the bottom of an ocean

of air, we do not feel the pressure which the
atmosphere exerts on us because it is nearly

exhaust of combustion gases. Jet engines fre- equal in all directions.
In all problems involving the laws of gases,
quently are called reaction motors, since the
pressure
should be figured in pounds per square
exhaust gases produce the action while the
absolute,
which is the gauge pressure
inch
opposite motion of the missile or aircraft repplus
14.7
psi
at
sea
level.
Both
types
can
be
called
resents the reaction.
thermal jets because they are dependent on the
action of heat. The reaction which propels the Absolute Temperature
jet engine occurs WITHIN the engine, and does

not occur as a result of the exhaust gases
pushing against the air.

The temperature of a gas can be measured
with respect to an absolute zero value. This
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Figure 4-1.Classification of missile jet power plants.
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value, which is usually expressed in terms of
volume together. The same ratios of change
the centigrade scale, represents one of the and
of volume and pressure were found tobe present
fundamental constants of physics. It was estab- in all gases, and they were found to be constant
lished experimentally during a series of tests over a wide range of temperatures.
made in the study of the kinetic theory of gases.
The first law of gases is Boyle's law:

According to this view, a gas, like other

forms of matter is composed of molecules made
up of combinations of atoms. Normally, the

The volume of any dry gas, the temperature remaining constant, varies inversely with the pressure on it; that is,
the greater the pressure, the smaller

molecules of any substance are in constant
motion. In the gaseous state, the motions are
the volume becomes.
assumed to be entirely random. That is, the
This is true only if the temperature has
molecules move freely in any direction and are remained the same.
in constant collision, both among themselves
In general, when the pressure is kept conand with the walls of ihe container. The moving stant,
the volume of a gas is proportional to its
particles possess energy of motion, or kinetic absolute
temperature. This is known as Charles'
energy, the total of which is equivalent to the law:
quantity of heat contained in the gas. When
All gases expand and contract to the
heat is added; the total kinetic energy is
same extent under the same change of
increased. When the gas is cooled, the thermal
temperature,
provided there is no change
agitation is diminished and the molecular vein
pressure.
locities are lowered.
Finally, since the volume of a gas increases
The molecules do not all have the same as the
rises, it is reasonable to
velocity, but display a wide range of individual expect temperature
that if a confined sample of gas were
velocities. The temperature of the gas, accord- heated, its pressure would increase.
Experiing to the kinetic theory, is determined by the ments have shown that the
pressure of any
average energy of the molecular motions. Pres- gas kept at a constant volume
increases for
sure is accounted for by considering it as re- each degree centigrade rise
very
sulting from the bombardment of the walls of its pressure at 0° C. Because nearly 1/273
of the container by the rapidly flying molecules. it is convenient to state this of this finding
relationship in
The particles are considered to have perfect terms of absolute
temperatures.
For all
elasticity, so that they rebound from the walls gases at constant volume, the
pressure is
with the same velocities with
which they strike
them.
In accordance with the kinetic theory, if the

proportional to the absolute temperature.

The general gas equation comes from a
combination of Boyle's law and Charles' law,

heat energy of a given gas sample could be and it is expressed by combining their
equations
reduced progressively; a temperature would
be reached at which the motions of the mole- into one. That is:
cules would cease entirely.' If known with
PI VI P2 V2
accuracy, this temperature could then be taken
as the absolute zero value. It was assumed from

TI
T2
the experiments that -273°C represents the
theoretical absolute zero point at which all where P1. and Ti are the original
and
molecular motion ceases, and no more heat re- temperature and P2 and T2 referpressure
to the new
mains in the substance. All gases are converted
and temperature; and V1 refers to
to the liquid state before this temperature is pressure
the
original
volume and V2 refers to the
reached.
new volume. In using this formula be sure that
Gas Laws
pressure and temperature are in absolute units.
All real gases depart somewhat from the
In the experiments to determine absolute Boyle-Charles
law (ideal gas law). Missile
pressure and absolute temperature, the behavior designers must apply
the laws, with the variation
of gases under different pressures ande,tem- for the gas to be used,
in their design of the
peratures revealed the laws of 'gases. Any Jet propulsion systems. The
gases are produced
change in the temperature of a gas causes a by the burning of the propellant
(liquid or solid);
corresponding change in the pressure, makhigit the missile design must channel
necessary to consider temperature, pressure, produce the most thrust availablethe gases to

from them.
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where v1 is the initial velocity of a mass, v2
its final velocity, and t the time during which

APPLICATION OF BASIC LAWS
TO MISSILE PROPULSION

The two moat common methods by which we
produce thrust are by mechanical means (pumps
or fans), and by thermal means (chemical reaction). The squid is an example of the mechanical
jet found in nature. It draws water into its body
and then by muscle contraction forces this water
rearward through a small opening at an incr eased
velocity, thus propelling itself forward.

In our study of guided missiles we are

concerned with thermal jetsthose that operate
by reaction to the exhaust of combustion gases.
With the help of some elementary mathematics, we will show how a jet-propulsion system develops the thrust required to propel a
guided missile. All jet-propulsion systems are
based on the principles expressed in Newton's
second and third laws of motion, discussed in
chapter 2. According to Newton's second law,
the acceleration of a body acted on by an unbalanced force is in the direction of the applied
force, directly proportional to the magnitude of

the force, and inversely proportional to the
mass of the body. This relation can be expressed as a formula:

F

Mv - Mv
1
2
t

Since My is momentum, the above formula

shows that the thrust produced by a jet engine
is equal to the rate of change of momentum of
its working fluid. We can write the above
formula as follows:
F = m (v2 - v1)
where m represents MA, and is called the mass

rate of flow of the working fluid in slugs per
second.

In the original equation, F = Ma, we can

substitute the equivalent weight for mass, and
get
F = Wa
When we apply this formula to a jet propul-

sion system, F is the unbalanced force that

F = Ma

or, force equals mass times acceleration, with
force expressed in pounds, acceleration in feet

per second per second, and mass in

this change of velocity occurs. If we substitute
the above value of acceleration in the original
formula, F = Ma, we get

SLUGS.

(A slug is a unit of mass; the mass of a body in
slugs is equal to its weight, in pounds, divided

by the acceleration due to gravity in feet per
second per second.) The weight of any given

mass varies, depending on the force of gravity,
which varies with the distance from the earth's
center. The relation between weight and mass
can be expressed in the formula:

accelerates the working fluid through the exhaust nozzle, and a is the acceleration of the
fluid in feet per second per second. In accordance with Newton's third law of motion, the
forward thrust developed by the jet propulsion
system is equal and opposite to the unbalanced
force applied to its working fluid.
Now, let W equal the total weight of working
fluid that flows through a missile propulsion
system during the time the system is producing

thrust, and let t equal the total time during
which the system develops thrust. Then WA is

the weight rate of flow of working fluid, in
pounds per second.

Letting w = WA, we can

now write a formula for the thrust developed
by a jet propulsion system:

in which M is the mass in slugs, .W the weight
in pounds, and g the acceleration due to gravity
in feet per second per second (approximately
32.2 ft /sect at sea evel).
Acceleration is the rate of change of velocity. This is expressed in the formula

- vi
a = v2

T=

w

(v - v
2

1

)

where T is the thrust in pounds; w is the weight
ratepof flow of the working fluid, in pounds per
second; v1 is the initial (intake) velocity of the
working Add; v9 is the final (exhaust) velocity

of .the fluid; we g is the acceleration due to

gravity. This equation gives the thrust applied
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to expel the working fluid from the exhaust

per hour. For example, assume that a missile
traveling at 3750 mph has 56,000 pounds of
thrust. The above equation shows that the

nozzle of the engine. And, in accordance with
Newton's third law of motion, the same equation
also expresses the forward thrust developed
by the propulsion system to propel the missile.
Figure 4-2 represents a jet engine which
is taking in air at its forward end at a speed
of 1000 feet per second. The burning fuel
within the engine heats the air and increases its
speed to 2000 feet per second. If we assume
that the working fluid flows through the engine
at the rate of 64.4 pounds per second, application
of the thrust formula shows that this engine is
developing a thrust of 2000 pounds.
Note that the thrust developed by an engine
is always expressed in pounds of force, not in

engine is developing 560,000 horsepower:
3750 x 56,000
= 560,000 hp
375

Although it is possible to calculate the horsepower developed by the propulsion system of
a missile in flight, the student should remember that jet-propulsion engines are always
rated in terms of pounds of thrust, rather than
in horsepower.

A . rocket engine takes in no air from the
atmosphere; its working fluid consists of the
combustion gases resulting from burning fuel.
Since the rocket carries its own supply of
oxygen as well as its fuel supply, the initial
velocity of the working fluid, relative to the
missile, is zero. Thus, the formula for the
thrust developed by a rocket engine reduces to

terms of work or horsepower. A jet engine
that is fired in a test stand does not move. It

therefore does no work, and consequently develops no horsepower, although it may exert its
maximum thrust. At a velocity of 375 miles
per hour, one pound of thrust will develop one
horsepower. For a missile in actual flight, it is
possible to calculate the horsepower developed
by the propulsion system from the formula:

EW

T=

VT
Horsepower =375

e

where w is the rate of fuel and oxidizer consumption in pounds per second, and ve is the

exhaust velocity of the gases. But the above
formula expresses only the thrust due to momentum of the working fluid. If the pressure of the working fluid, after it leaves the

where V is the missile velocity in miles per
hour, T is thrust in pounds, and 375 is a con
stant having the dimensions of mile-pounds
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Figure 4-2.Development of thrust in a propulsion system as an example of
Newton's second and third laws of motion.
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exhaust nozzle, is greater than the pressure
outside the missile, the actual thrust is less
than that given by the above formula. It is
obvious that if the gases that have left the
missile are at a higher pressure than the surrounding atmosphere or space, these gases
are capable of doing work.

That work, which

might have been used to propel the missile,
will be wasted. A more accurate formula for
rocket thrust is:

takes place. Combustion is necessary to provide
thrust. Useful thrust cannot be attained in an
atmospheric jet unless the combustion products
are exhausted at a velocity greater than that of
the intake gases.
In all thermal jets, the heat energy released
by the combustion process is converted to kinetic

energy through expansion of the gases of combustion as they pass through the exhaust nozzle.

The chamber is usually a cylinder, although

it may sometimes be a sphere. Its length and

diameter must be such as to produce a chamber
volume most suitable for complete and stable
combustion. The chamber length and the nozzle
in which Pa is the pressure of the surrounding exit diameter are determined by the propellants
atmosphere (or space), Pe is the pressure of to be used. Both mustbe designed to produce the
the exhaust jet, and A. is the cross -sectional optimum gas velocity and pressure atthe nozzle
area of the exhaust jet. If the exhaust nozzle exit.
can be so designed that it decreases the pressure of the exhaust jet to that of the surround- EXHAUST NOZZLE

T= g v e+(Pa - Pe) Ae

ing space, the pressure term in the above

equation becomes zero. This condition repre-

An exhaust nozzle is a nonuniform chamber

sents the maximum thrust available for any through which the gases generated in the comgiven propellant and chamber pressure. Al- bustion chamber flow to the outside. Its most

though this condition cannot be fully attained important areas are the mouth, throat, and exit,
in actual practice, well-designed nozzles make identified in figure 4-3. The function of the nozit possible to approach it closely.
zle is to increase the velocity of the gases. The
It is a common misconception that jet en- principle involved was announced many years
gines operated by pushing against the surrounding air. Ducted jets depend on air as a work-

ago by a Swiss physicist, Daniel Bernoulli. Ber-

SYSTEMS

in speed between points #1 and #2 is caused by
a conversion of potential energy (fluid pressure)

noulli's principle applies to any fluid (gas or
ing fluid, but they do not need air for the liquid). It may be stated as follows: "Proexhaust to push against. Rockets require no vided the weight rate of flow of a fluid is
air. Air acts only to impede the motion of a constant, the speed of the fluid will increase
'rocket, first by drag, and secondby hindering where there is convergence in the line. It will
the high-speed ejection of the exhaust gases. decrease where there is a divergence in the
Thus rockets operate more efficiently in a line." Figure 4-4 illustrates this principle.
total vacuum than they do in the atmosphere. The velocity of the fluid will increase at point
#1. At the point of divergence, point #2, the
speed of the fluid will decrease. The increase
COMPONENTS OF JET PROPULSION

To achieve high thrust, it is necessary to

produce large quantities of exhaust gases at high

temperatures and pressures. To produce these
exhaust gases, jet propulsion systems consist
of a combustion chamber, an exhaust nozzle,
and a fuel supply. Liquid -fuel systems require
additional parts, such as injectors, pumps,
and ignition systems. Air breathing engines require diffusers at the air intake.
COMBUSTION CHAMBER

The combustion chamber is that part of the
system in which the chemical action (combustion)

THROAT

.9
33.13

Figure 4-3.Location of nozzle areas.
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to kinetic energy. Thus the pressure drop of

the fluid through the restriction is proportional
to the velocity gained. When the fluid reaches
point #2, the kinetic energy is again converted

to potential energy.

At point #2, the fluid

velocity decreases, and the pressure of the fluid

increases.

This relationship holds true for subsonic flow
of gases. In the convergent nozzle in figure 4-5

A, the speed will increase up to the speed of

sound, depending on the degree of convergence.
Such nozzles are often used on subsonic turbojets. It has been found that, with a nozzle of
this type, if the internal pressure of the combustion Chamber is more than about 1.7 times
the external presSure, an excess pressure remains in the gases after they leave the nozzle.
This excess pressure represents wasted energy.
The performance of combustion systems using
this type of nozzle is therefore limited.
In the divergent nozzle in figure 4 -5B,
gases at subsonic speeds will slow down, depending on the degree of divergence.
Gases at supersonic (faster than sound)
speed behave differently. As these gases pass
through the divergent nozzle, their velocity is
INCREASED because of their high state. of
compression. The drop in pressure at the point
of divergence causes an instantaneous release
of kinetic energy, which imparts, additional
speed to the gases. To obtain supersonic exhaust
velocity, the DeLaval nozzle, figure 4-5C, is
commonly used. This nozzle first converges
to bring the subsonic flow up to the speed of
sound.
Then the nozzle diverges, allowing
the gases to expand and produce supersonic flow.

A

VELOCITY INCREASES
NEVER EXCEEDING
SPEED OP SOUND AT

GASES AT SUBSONIC

VELOCITY

EXIT

SUBSONIC GAS

VELOCITY DECREASES

SUPERSONIC GAS

VELOCITY INCREASES

CONVERGENT
SECTION

THROAT

REGION OP SUBSONIC::
PLOW

The Prandtl nozzle (fig. 4-5D) is more efficient than the straight-coned DeLaval nozzle
but is more difficult to engineer and produce.
It increases the .rate of flow at a higher rate

DIVERGENT
SECTION

"1.'"""14
REGIONFOLFOWSUPERSONIC

SONIC VELOCITY

MOUTH

THROAT

EXIT

A

33.15

Figure 4-5.Gas flow through nozzles: A. Sub-

RESTRICTION

33.14

Figure 4-4.Fluid flow through a restriction.

sonic flow through a convergentnozzle; B. Flow

through a divergent nozzle; C. Convergentdivergent nozzle (DeLaval); D.Prandtlnozzle.
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With regard to their physical state, prothan the normal convergent-divergent type. pellants
may be either solids, liquids, gases, or
The shape of the nozzle determines the cha.various
combinations
of these. However, gases
acteristic of gas flow, which must be smooth.
propellants, for two
ai
e
rarely
used
as
missile
Other nozzles of increasing importance nre
have a higher
reasons.
First,
liquids
or
solids
the adjustable area type in which the nozzle area
than most gases, even when the latter are
is varied to suit varying combustion environ- density
highty
compressed; thus a larger quantity of
mental conditions.
solid
or
liquid propellant can be carried in a
The best size for the nozzle throat is difSocond, a greater energy transgiven
space.
ferent for different propellants. In each case,
fc,pmation
,results
when a substance goes from
the best size has to be determined by experisad
or
liquid
to
gas
than results when a gas
ment and calculation. The nozzle must be is merely accelerated
to a higher velocity.
designed for a specific set of propellant and
combustion characteristics to obtain higher
velocity and increased thrust. The area of Rating or Comparing Propellants
the throat section is determined by the weight
Several means have been worked out for
rate of flow. The area at the exit of the dior comparing, various rocket fuels
rating,
ratio
vergent cone is determined by the desired
is made by deterof expansion of the gases between throat and (propellants). Comparison
Total
impulse is the
mining total impulse.
exit.
product of the thrust in painds times burning
FUEL SUPPLY
time in seconds. Or,
The fuels and oxidizers used to power a jet
IT (Total Impulse in lb-sec)=
engine are called propellants. The chemical
reaction between fuel and oxidizer in the comT (Thrust in lbs) x t (Duration in secs).
bustion chamber of a jet engine produces large
quantities of high-pressure high-temperature
gases. When these gases are channeledthrough

Solid propellants are rated, or compared,

an exhaust nozzle, a large part of the heat
energy they contain is converted into kinetic

energy to propel the missile. When you read
of an engine that can travel faster than a gun

on the basis of SPECIFIC IMPULSE, the amount
of impulse produced by one pound of the pro.
pellant.
In pound-seconds per pound, this is equal
to the total impulse divided by the weight of

projectile, operate in a vacuum, deliver a the propellant. Stated as a formula, it is:
great deal more energy than a reciprocating

engine, and do so with a fewor no moving parts,
you may get the idea that some very complex

I (Specific Impulse in lb- sec /lb)

IT (Total Impulse in lb-sec)
W (Weight of Solid Fuel in lbs)

chemical mixture is used as the propellant.

This is not so. Jet-propulsion engines can
operate on such fuels as kerosene, gasoline,
alcohol, gunpowder, and coal dust.

A common method of comparing liquid proHowever, in the search for an ideal propelpellants
is on the basis of specific thrust.
A
lant, many complex fuels have been tried.
Specific
thrust
is equivalent to specific impulse
in
the
enmere listing takes up a whole page
cyclopedia. The search goes on for more power- for solid propellants but is derived in a slightly
as the
ful propellants, particularly for boosting .space different way. Specific thrust is definedrate
of
thrust
in
pounds
divided
by
the
weight
vehicles. For example, liquid hydrogen (which
flow
of
fuel
in
pounds
per
second.
Or,
-252°
C
becomes liquid at 423° F below zero or

When mixed with liquid oxygen in a rocket

Tap (Specific Thrust in lbs/lb/sec ) =

engine, produces about 35.percent more thrust
than the kerosene type fuels now used. It
will be used to propel Centaur and other unmanned earth orbital and interplanetary flights

T (Thrust in lbs)
W (Weight Rate of Flow in lb. per sec)

as well as upper-stage rockets now being
developed for manned lunar landings.

rine is being. studied as an oxidizer to help
produce more thrust.

Specific thrust is frequently expressed in
seconds.

80
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Specific propellant consumption is the reciprocal of specific thrust; it is the rate of

propellant flow, in pounds per second, required
to produce one pound of thrust. Or,

components combined with an oxidant have given
higher specific impulse than other combinations.
The finished product takes the shape of a grain,
or stick. A charge may be made up of one

Specific Propellant Consumption =

Weight Rate of Flow (lbs/sec)
Thrust (lbs)

or more grains. Combustion of solid propel-

Other terms you should know are mixture
ratio and exhaust velocity.
Mixture ratio designates the ralative quantities of oxidizer and fuel used in the propellant
combination.

It is numerically equal to the
weight of oxidizer flow divided by weight of
fuel flow.
Exhaust velocity is determined
theoretically on the basis of the energy content
of the propellant combination. The actual ve-

locity of the exhaust gases is of course less than
this theoretical value since no jet engine can
completely convert the energy content of the
propellant into exhaust velocity. Thus, effective exhaust velocity is sometimes used and is
determined on the basis of thrust and propellant
flow:

Effective Exhaust Velocity =

lants will be discussed later in this chapter.
An ideal solid propellant would:
1. Have a high specific impulse.

2. Be easy to manufacture from available
raw materials.

3. Be safe and easy to handle.
4. Be easily stored.

5. Be resistant to shock and temperature
changes.
6. Ignite and burn evenly.
7. Be non-water-absorbent
scopic ).

(nonhygro-

8. Be smokeless and flashiest!.
9. Have an indefinite service live.

It is doubtful if a single propellant having
all of these qualities will ever be developed.
Some of these characteristics are obtained at
the expense of others, depending on the performance desired.

Thrust (lbs)
Mass Rate of Flow (lbs/sec)

Liquid. Propellants

The liquid propellants are classified as

monopropellants or as bipropellants.

Solid Propellants

Solid propellants are of two types. One
of these consists of a fuel, such as .a hydrocarbon mixed with a chemical capable of
releasing large quantities of oxygen (a chlorate
or a nitrate). A second type consists of a

compound,

asphalt-potassium perchlorates, black powder
with ammonium nitrate, and other recently
developed combinations. Perfluoro-type propellants, and aluminum or magnesium metal

nitrocellulose, for example, that

Monopropellants are those which contain
within themselves both the fuel and oxidizer and

are capable of combustion as they exist. Bipropellants are those in which the fuel and

oxidizer are kept physically separated until they
are injected into the combustion chamber. An
example of a monopropellant would be the
mixture of hydrogen peroxide and ethyl alcohol;
an example of a bipropellant would be liquid
oxygen and kerosene.
When oxygen or an oxygen-rich chemical is
used as an oxidizer, the best liquid fuels appear

releases large quantities of gases andheat when
it decomposes. When mixed with additives (in
small quantity as stabilizers), this type is called
a double-base propellant. It is used most for
small rockets.
to be those rich in both carbon and hydrogen.
Of course it is possible to combine the two
In addition to the fuel and oxidizer a liquid
types in a single propellant mixture called a propellant may also contain a catalyst to increase
composite propellant. This is the type most the speed of the reaction. A catalyst is a subused for missile propellants.
stance used to promote a chemical
The ingredlapts of a solid propellant ..are between two or more other substances. reaction
mixed so as tr produce a solid of specified
Inert additives which do not take part in the
chemical and physical characteristics. Some chemical
reaction are sometimes combined with
examples of materials used in making solid liquid fuels. An example is water, which
is
propellanu are asphalt-oils, nitroglycerin, often added when alcohol is used
as a fuel.
77
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Although it does not take part in the chemical the missile and cause erratic behavior. Some
propellants will react spontaneously if
reaction, the water does provide additional liquid
subjected
to pressures above their limit. Solid
particles which contribute to a higher thrust
propellants
also have pressure limits but they
by increasing the rate of mass flow through
are
much
higher
than for liquid propellants.
the system.
Most liquid-fuel rockets use the bipropel-

lant type liquid fuel, as it is less likely to

react to shock and heat than monopropellants.
When separated, as they are before entrance
into the combustion chamber, the .fuel and
oxidizer are generally incapable of chemical
reaction. Bipropellants which ignite spontanenusly upon contact with each other are called
hypergolic. An example is Diinazina (unsymmetrical dimethylhydrazine (UDMII)), or
Aerozine 50, .used in Titan II and III with nitrogen tetroxide as oxiditer. Those which require the addition of energy (electric spark,
igniter, or: other) to cause chemical reaction
are said to be diergolic. Thixotropic pro-

pellants are jellied substances with metallic

anbstanc ea (alumininn) suspended in them, which
greatly increases the propellant density and

SPECIAL PARTS

In addition to the combustion chamber,

exhaust nozzle, and fuel supply, which all reaction type engines must have, liquid-fuel en-

gines also use injectors and igniters, and
air-breathing missiles must have a diffuser or
intake duct, where the high-speed air is converted into low-speed, high-pressure, gas for
entry into the combustionichaitier-lai an oxidizing element.

Injectors

The injector is similar in function to the

catVthietor in a reciprocating engine. It vapor-

izes and mixes the fuel and oxidizer in the

the specific impulse of the liquid engine. There

proper: proportions for efficient burning.

a, further adTantage inihat combustion din. be easily stOPped and started at will

or cylindrical spray patterns that intersect

Figure . 4-6 shows schematic sketches of
three
types of injectors. In the multiple-hole
are few known practical oxidizers. Some highly
impingement
type (fig. 4-6A), oxidizer and fuel
effective oxidants are too dangerous' to store
are
injected
through
an arrangement of separate
and handle,.
holes
in
such
a
way
that the jet-like streams
While solid propellants are stored within
intersect
each
other
at some predetermined
the coMbustion chamber, liquid propellants are
point;
where
the
fuel
and oxidizer mix and
stored in tanks and injected. into the combustion
break
up
into
vapor-like
droplets. A spray
chamber 'In. general, liquid propellants provide
injector
(fig.
4-6B)
has
oxidizer
and fuel holes
a longer .barning,41Me: than solid propellante. arranged in circles, so as to produce
conical

are a large number of liquid fuels but there

They -have

.

by contiollinithe: proPellant flow.
An ideal liquid propellant would:

1. Be easy to Manufacture from available
raw materials:
2. Yield a high..heat,of conibUstion per unit
weight of miXture...-

3. Have a 'low freezing
4. Haye a high '.specific gravity.
lovi:,.tintiCitt! and :corrosive effects,
S.
S, Have stability in, storage.
7. 'Have_.low, molecular weight of the reaction
we a low vapors pressure.

the solid

it is
can be .9-41;t.,
.

e.

of;liquid propellants
ts'rof 'some
00
the

1
e,-,03UtET2, of `gravity

within the chamber. The nonimpinging injector,
shown in the lower sketch in figure 4-6, is 'one'
in which' the oxidizer and fuel do' not impinge at

any specific, Point, but are mixed by the turbulence- within the chamber
Ignition Systems

Unless- the fuel and oxidizer form a combination that ignites spontaneously; a separate
must be, provided to initiate
ignition
the reaction. The igniter must be located within
the pimbUstion chanibei (fig. 4-2) at a point
where it. Will receive satisfaCtory starting
mixture that ignites readily. If either fuel or

oxidizer accumulates excessively in the chamber
tionAegine,: animCentrolled explosion
some s)iiiefile;.ignition 113 br ought
ratir re
similar to thOse
PlUC(f
An electric
engines.
`.:
'reciprocating:
used in

..hefOre
.
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igniter squib type is shown in figure 4-7. A
used for solid-fuel rockets. It consists of a
powder squib which can be ignited electrically
from a safe distance; it burns for a short time,
with a flame hot enough to ignite the main
propellant charge. A catalytic ignition system
uses a solid or liquid catalytic agent that
brings about chemical decomposition of the
powder-charge ignition system (fig. 4-7)is often

propellant.

F

OXIDIZER

Diffusers
A

OXIDIZER

CONVERGENT CONE
DIVERGENT-CONE

FUEL

OXIDIZER

The purpose of the air intake and diffusion
system is to decelerate the velocity of the air
from its free stream speed (fig. 4-2) to the

desired speed at the entrance of the combustion
chamber with a minimum of pressure loss. As
mentioned above, only air-breathing engines
need diffusers: Diffusers are of two general
types: subsonic, and supersonic. Diffusersare
illustrated in the section on ramjet engines.
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ATMOSPHERIC JETS

SUBSONIC DIFFUSERS.Subsonic diffusers

may be internal compression diffusers or external compression diffusers.. Although the

GENERAL

principles are known, no completely successful

Any jet-propelled system that obtains oxygen

external compression diffuser has been de-

support
veloped. Velocity decrease at a point external from the surrounding atmosphere to
the
combustion
of
its
fuel
is
an
atmospheric
to the air inlet would permit simplification of
jet engine. Pulsejets, ramjets, turbojets, and
the .air diffuser design.
An internal compression diffuser is a duct turboprops are all of this type, although the
located at the forward end of the engine between latter are not used in guided missiles. Obthe air intake and the injector. Between these viously, the operation of these engines is
two points, the diameter of the duct increases limited by the amount of oxygen available, and
(fig. 4-11A), and as.a result, the velocity of the they can operate only at altitudes where the
The
air decreases and the pressure increases. If oxygen content of the air is adequate.
the
type
of
upper
limit
of
operation
depends
on
the pressure change is to be kept small, the
design
of
thearticular
engine.
diffuser length must be increased. Too great
The first successful application of atmosa length could result in pressure losses due to
pheric
jets to missile propulsion was the
skin friction, so a compromise value usually
pulsejet
engine used in the German V -1 missile.
has to be used.
.

SUPERSONIC DIFFUSERS.At supersonic
speeds the intake air must be reduced to sub-

PULSEJET

PUlsejet engines are so called because of
the intermittent or pulsating combustion process. Although pulsejet engines were usedby the
U.S. Navy to propel an early missile, they are
now considered obsolete, and we willgiventhem
and (3) conical or "spike" diffusers, also only brief treatment here, to explain the princicalled "center body" diffuser (fig. 4 -11C). In ples of their operation.
Figure 4-8 illustrates the fundamental cona normal shock diffuser a diverging duct is
struction
of the pulsejet. The principal parts of
process
totwo
used, which reduces the diffusion
a
pulsejet
are the diffuser, grill assembly (conThe
normal
shock
wave
at
the
input
steps.
section reduces the velocity to approximately the taining air valves, air injectors, add fuel intail
speed of sound; then the air is diffused to jectors), the combustion chamber, and theduct
pipe
(exhaust
nozzle).
The
DIFFUSER
is
a
subsonic speeds in the diverging duct.
of varying cross section at the forward end of
.
The converging-diverging diffuSer principle the engine, between the air intake and the grill.

sonic speed with a minimum loss of pressure. A
problem of diffusion at supersonic speeds lathe
production of shock waves at the inlet. Supersonic diffusers may be clasiffiedas: (1) Normal
shock (fig. 4-1IB); (2) converging-diverging;

.

is similar to that of the EieLaval nozzle (fig.
4 - 5C ) except that the process is in reverse,
also in two steps. While the supersonic air

stream is passhigthrough the converging portion
of the thict, its velocity is deoreasedto the speed

of sound (Bernoulli's theoreni). Its velocity is
further .decreased, to the . desired velocity,

while it is passing through the'diifergent portion
ollthe diffuser.
In the "center...,body":':ciiifiiserAfig. 4-IIC),
spike,Lis ',PlaCed"- inside the
a conical nose
diffuser',apieMblY.' i';Whenjthe supersonic flow
.

Between these two points the diameter increases;

as a result, the velocity of air entering the

diffuser decreases and its pressure increases.
The grill assembly carries the fuel injectors

injectors for starting air, and the-. air-intake
'snappers' valves. The latter are spring loaded,

and are normally closed, so as to completely
block off the diffuser from the combustion cham-

Air and -' fuel :Aired in the combustion
chamber are, ignited initially by a spark plug;
thereafter,lhe mixture is ignited spontaneously.

ber.

wave is formed and:the,Supersonic flOiv thrOugh

The tailpipe is of uniform' cross section and, for
a given engine diameter, has a specific optimum
length.

is used ipn.':':,rinijeta':#8,4eling., it

Operating Cycle
As the engine Moves through the air, ram-air
pressure builda up in the diffuser. When this

of air approaches the":cone;-...a.,,cohical shock

this shock Held &Owed to. Subsonic.: velocity.
The Aiffuiion. 'is _completed in the Subsonic
the diffuter: Thiel-tYpe of :.diffnier .
portion
Mach 2:or greater:',

pressure exceeds that of the combustion chamber and the valve spring, the valves open and

than that of the inlet air. The resultingpressure
creates a thrust in the direction of
air enters the combustion chamber. Fuel is differential
flight.
then injected, and the air-fuel mixture is ignited
Because of the speed with which the comby a spark plug. The fuel and air pass through bustion
gases rush down the tailpipe, they overventuris (fig. 4-8), which atomize the fuel and expand and
a partial vacuum within the
mix it thoroughly with the air, so it ignites combustionproduce
chamber.
The rain pressure in the
readily.
diffuser then exceeds the pressure in the chamThe burning fuel rapidly produces combus- ber; the flapper valves open (fig. 4-9B), and a
tion gases that create a pressure of 25 to 35 fresh supply of air enters the chamber. Because
psi in the combustion chamber. The spring- of the decrease in pressure, the pressurized
loaded air intake valves (fig. 4-9) in the grill fuel system is able to inject a fresh supply of
assembly prevent these gases from escaping fuel. As a result of the partial vacuum, a porforward.
tion of the hot exhaust gas is drawn back into the
chamber; the temperature of this gas is high
As the pressure in the combustion chamber enough
to ignite the air-fuel mixture, and a new
rises, it exceeds the pressure in the fuel sys- cycle begins.
Note that the spark plug ignition
tem, Ind automatically shuts off the flow of fuel:* is required only
to start the engine; after startThe flaming gases rush down the tailpipe and ing,
its
combustion
cycle is self-sustaining
exhaust to the atmosphere at a speed greater (similar to a diesel engine).

Figure 4-8.Cross section of a pulsejet engine.

CLOSED

COMBUSTION
CHAMBER

' PRESSURE

-4-9.Air -intake Valve used in pulsejet-engine cross- sectional view:
A. ppen;14.B:
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The frequency of the combustion cycle lathe fuel and oil systems, and for the front engine
resonant frequency of the combustion chamber balancing support.
The primary function of the compressor
and tailpipe. A formula for resonant frequency
is to receive and compress large
section
of a closed pipe is:
masses of air, and to distribute this air to the
combustion chambers. The centrifugal comVelocity of sound
Frequency=
pressor consists of a stator, often referred to
4 x length

as a diffuser vane assembly, and a rotor or
consists
The frequency of various pulsejet' engines impeller (see fig. 4-10A). The rotor
that have been used in the past ranges from of a series of blades which extend radially from
about 50 to over 200 cycles per second. It was the axis of rotation. As the rotor revolves,
this intermittent cycle which gave the name air is drawn in, whirled around by the blades,
and ejected by centrifugal force at high velocity.
"buzz bomb" to the German V-1 rocket.
The stator consists of diffuser vanes that
compress
the air and direct it into the various
Limitations of Pulsejets
firing chambers: Air leaves the impeller
One of the disadvantages of pulsejets is that, wheel at high velocity. As it passes through
at the instant of launching, there is no ram the diffuser vanes it enters a larger space; its
pressure in the diffuser. For that reason, most velocity therefore decreases, and its pressure
pulsejets are incapable of developing enough
static thrust to take off under their own power.
They are therefore launched with the help of
compressed air injected into the chamber along

increases.
The axial compressor is similar to a propeller. The rotor consists of a series of
blades set at an angle, extending radially from

the central axis. As the rotor of the axial
rockets, or by a combination of these means. compressor turns, the blades impart energy

with the fuel, or from a catapult, or with booster

The speed of a pulsejet is limited to the low of motion in both a tangential and axial direcsubsonic range because at higher speeds the ram tion to the ram air entering through the front
pressure developed in the diffuser exceeds the of the engine. The stator does not rotate. Its
chamber pressure at all times throughout the blades are set at an angle so as to turn the air
combustion cycle; the flapper valves therefore thrown off the trailing edge of the first-stage
cannot close, and the cycle cannot maintain it- rotor blades, and redirect it into the path of
self. Also, this type of engine has slow efficiency the second- stage, rotor blades. One rotor and
index because its fuel consumption rate is high. one stator comprise a single-stage compressor. A number of rotors and stators assembled alternately make up a multistage comTURBOJETS
pressor, as in figure 4-10.
In a multistage compressor, air from the
A turbojet engine is an air - dependent thermal
first
row of compressor blades is accelerated
jet-propulsion device. It derives its name from
the fact. that its compressor is driven by a tur- and forced into a smaller space. The added
bine wheel, which is itself driven by the exhaust velocity gives the air greater impact force.
gases. Turbojets may be divided into two types, This compresses the air into a smaller space,
depending. on the type of compressor. These causing its density to increase. The increase
are centrifugal-flow turbojets (fig. 4-10A) and in density results in a corresponding increase
axial-flow turbojets (fig. 4-10B). Both types in static pressure. This cycle of events is
repeated in each successive stage of the comare the sane in.operating principles.
pressor. Therefore, by increasing the number
of stages, the final pressure can be increased
ComponentO of Turbojets

desired value.
The
axial
-flow
turbojet is longer than the
The major components of bothtypes of turbocentrifugal,
flow
type,
but has a smaller frontal
jets are an accessory section Compressor section, combustion section, and exhaust settion.. area, - and therefore is more streamlined. The
to almost:

.

The.acceesory section serves as a mounting

pad lor accessories,. includingthe generator',

hydraulic .. pump starter,:. and: tachometer, for
various. engine components, .. Such as units' of the

centrifugal compressor is simpler than the axial
and has a higher pressure ratio per stage. The
axial-flow compressor, however, has a higher
per stage efficiency.
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burners are convergent to increase the velocity
of the gases just before they pass through the
nozzle diaphragm. The flame crossover tube
connects one chamber to the next, allowing ignition to occur in all chambers after the two
chambers containing sparkplugs have fired.
The exhaust section consists primarily of
nozzle and an inner cone. This assemblya
straightens out the turbulent flow of the exhaust gases caused by rotation of the turbine
wheel, and conveys these gases to the nozzle
outlet in a more perfect and concentrated gasflow pattern.
The exhaust-nozzle diaphragm is composed
of a large number of curved blades standing
perpendicular to the flow of combustion gases
and arranged in a circle in front of the turbine
wheel. By acting as both a restrictor and a
director, this diaphragm increases the gas
velocity. Its primary function is to change the
direction of the gases so that they strike the
turbine-wheel vanes at, or nearly at, a 90°
angle. The impact of the high-velocity gases
against the buckets of the turbine wheel causes
the wheel 'to rotate. The turbine-wheel shaft
is coupled to the compressor-rotor assembly
shaft.
.
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Thus, part of the energy of the exhaust
gases is transformed and transmitted through
the . shaft to operate the compressor and the
engine-driven accessories.

Figure 4-10.Cross-sectional views of turbojets: A. Centrifugal; B. Axial -flow turbojet.
Operating Cycle
The combustion section includes combustion
chambers, .spark plugs, a nozzlidiaplumgm, and
a turbine wheel and shaft. The combustion cham-

bers, or burners, in both types of turbojet

engines, have the same function and prodUce the
same results. They differ in size and number,
depending on the type of engine. Each combustion chamber has the following parts: outer combustion chamber, inner liner, inner liner dome,
flame crossover tube, and fuel-injector nozzle.
The outer combUstion chamber retains the
air BO that a high-pressure.supply is available

The operation of a turbojet may be summarized as follows: The rotor unit of the
compressor is brought up to maximum allowable speed by the starter unit, which is geared
to the compressor shaft for , starting. Air is
drawn in from the outside, compressed, and
directed to the combustion chambers. Fuel is
injected through the fuel manifold under pressure, and mixes with the air in the combustion
chambers. Ignition occurs first in the chambers containing the spark plugs, and then in
the other 'chambers an instant later by way of
the .flime 'crossover tubes. High-pressure

to the inner liner at all likes. This air also
serves as a . cooler . jacket., The inner liner combustion.
and coolant air pass through
houses the,,niea in which fuel and air, are the
exhaust
',Iiozzle
diaphragm and strike the
mixed .and burned. Many round holes in the turbine blade is
at the most effective angle.
inner liner allow the air to enter and mix with
the fuel indhigh-temperiiturecombiationgaseet_i, Part of . the energy of the exhaust stream is
bY the turbfine, resulting in a high
The forward end of- the inner liner iialloived absorbed
rotational
'speed. The remainder is thrust.
to slide over the dome to aCcOmmodate expan- The tUrldne
. wheel transmits
. energy through
sion ,
contraction. The after end-of the the coupled turbine
and cOmpressor-rOtorithafts
.
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to operate the compressor. Once started, com- In addition, the turbojet is capable of providing
sufficient static thrust to permit an aircraft or
bustion is continuous.
The afterburner is an important part of jet missile to take off under its own power. The
fighter aircraft, but has limited application in disadvantages of turbojets (compared with other
guided missile propulsion. It was developed to types of jet engines) include the following:
1. They are large and bulky in comparison
give additional thrust when needed for short
to
other
types of jet engines.
periods of time, as in launching or during a
2.
They
are delicate and complex mechansteep programmed climb.
The additional thrust is obtained by burning isms with many moving parts.
3. Their maximum speed is in the low superadditional fuel in the tailpipe section. That
sonic
range.
.
portion of the air which served only as a
coolant for the main combustion chambers is
sufficient to support combustion of the addi- RAMJET
tional fuel. The added thrust is large, but the.
overall efficiency of the turbojet decreases
A ramjet engine derives its name from the
because the specific fuel consumption is greatly ram action that makes its operation possible.
increased. During a missile launching, an (This engine is sometimes referred to as the
afterburner could provide approximately 30% athodyd, meaning aerothermodynamic duct.)' It
increase in thrust; when the missile reaches a is the,:aiMplest of the air-breathing propulsion
speed of 600 mph, an afterburner can increase engines, anthem no mowing parts.
its thrust by from 70% to 120%.

Ramjet operation is limited to altitudes below

The thrust augmentation by afterburning about 90,000 feet because atmospheric oxygen
increases substantially with increase in flight is necessary for combustion. The velocity that
speed. At about Mach 2 speed, the thrust is can be attained by a ramjet engine is theoreti2.5 times as great as that without afterburning. cally unlimited. The faster a ramjet travels
However, the specific fuel consumption is the more effectively it operates, and the more
roughly three times as great as without the after- thrust it:develops. But its upper speed is limburner. This disadvantage decreases with speed, ited, in practice, to about Mach 5.0, because
so that at Mach 3 or 4 and higher, the after- of frictional heating of the missile sldn. The

burner engine is more efficient than the simple major; disadVantage . of a ramjet is that the higher
turbojet engine. An afterburning engine must be
speed, at !hick it is designed:. to.. operate,
provided with a. variable area discharge nozzle the higherihtlipeediO vihich it mustbe boosted
and for supersonic speeds it should also have an before automatic operation can begin.
adjustable inlet diffuser.

Turbojets with an afterburner are called

turboram jets. They are not used in any of our
elided missiles, but supersonic missiles also
take advantage of the ram air pressure at high

Components of Ramjets

air compression. The specific fuel consumption
of a turbojet decreases with increases in altitude.

ramjet engine:: are a
The,Iprinalpal ,parts,
difftleeiYieetiontit484MinatiOnc:bhanthee that
contains; tnet filjeCtiki3OPirk:plugs`and flame-

:ramjet, consists ore-cylindrical

'midi, with a' hiel-injection
speeds. The thrust of the turbojet decreases thbe'::open:
From
this the term "flying
with increasing altitude but it is nearly constant 444emtineide:
originated.
Even
'though all ramjets
over a speed range of frem 0 to 650 mph for a
contain
the
same
basic
parts,
the structure of
given altitude. There is .a slight increase in
eto
thrust as speeds in excess of about 300mph are these parts must be modified produce satisobtained because of the beneficial effects of ram factory operation in the various speed ranges.

This, plus the fact that the thrustincreases
slightly at high "speeds," places the optimum
operatihgpoht of the. turbojet inthehigh-speed,
high-altitude region:"
turbo!.
Three 'Wailes `"Of the- Air Force
jets-rMatader, *tee, and Hound Dog. The Navy's

Regulus; imitieing.Phased, out, is a turbojet.
Turbojets are well ',suited:AO aircraft and

Missiles because of their'10 fuel 'eOnsuniption.

trate' (fig 4-11 ).
The diffiieferliiiaten serves the same Purpose in the ramjet as it does in the pulsejet.
It deelfeaSeszthlk,,,,:vLelonit*,.anC4ncreases-the,
".=6:iiiiiiiiiiii3OfftWiffetiiiiiiittaititt Since there is
no wall or 'Closed grill in the frOnt section
Of'-Z ramjet,` the pressure increase of the ram
air At*. be gieat enough to prevent the escape
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of the combustion gases out the front of the engine. Diffusers must be especially designed for
a specific entrance velocity, or predetermined
missile speed. In other words, the desired
pressure barrier is developed Only when air
is entering the diffuser at the speed for which
that particular diffuser was designed.
The combustion: chamber is; of oourse the
area in ,whiChlxueiiing occurs andhigh-pressure

gasps:, are generated. The fuel injectors are
connected to a continuous-flow fuel supply system, adequately pressurized to permit fuel to

flow against the high pressures that exist in the
forward section of the combustion chamber.
CombuistiOnlio started by a spark plug; once
staxtedAe. is continuous and selt-supporting.
The flameholder prevents the flame front from
being swept too far toward the rear of the engine
thus stabilizing and restricting the actual burning
to a limited area. The flameholder also ensures
that the combustion-chamber temperature will
remain high enough to support combustion.
A. ,ffaiiieholder-; : a metal grid. :'Or shield
punctureti-mith of variety. of sharp edged. holes
(usually' 'riot round); designed:: tci itabilize a
flame.: ;-; Burning propellants tend to linger in
these holes and this ensures continuous ignition
of the injected fuel throughout the operating
cycle. ThinteholderSiire necessary prevent
ablOrilW4ittlieliiiiiihigt Amt.* theyair :.rushing

thrq*:itlietombustion.:chamber.: The cordigmidi& and loration- of -the 'ffaineholders is a
crucial development. problem in the ramjet.
The flame speed varies with different fuels
but in general the flame 'speed is slower than

sonic speed so that the ram air entering the
diffuser section develops a pressure barrier

high enough to confine the escape of combustion

gases to the rear only. Figure 4-11A is a diagram of a subsonic ramjet engine. Note the
simple tubular construction, and the openings
at front and rear.

As ram air passes through the diffuser

section (fig. 4-11A) the velocity of the air de-

creases while the pressure increases. This
is brought about by the increase in cross section of the diffuser, in accordance with Bernoulli's theorem for incompressible flow. Fuel
is sprayed into the combustion chamber through
the fuel injectors. The atomized fuel mixes

with the incoming air, and the mixture is ignited
by the spark plug. As previously stated, burning
is continuous after initial ignition, and no further
spark plug action is needed.

The gases that result -from the combustion
process expand in all directions, as shown by
the arrows in the central part of the combustion chamber (fig. 4-11A). Astheyexpandinthe

forviiird

barrier

41* gasea are stopped by, the

;sloping 'sides

air and,the internal

;the,::diffuser. section as indi,
cateci.411:;. the diagram by the shortil, Wide black

arrows. The ',OnlYiliVenue:::of escape remaining
feetheitOMbustion gases ii through
exhaust

the 'air. speed through the combustion chamber.
The flameholders reduCe the local air speed
to accommodate the slower flame speed.
The design and location of the fuel injection
nozzles and the control system for fuel injection
are important to' get the correct proportion
of air and fuel 'mixture in the combustion
chamber.
The exhaust nozzle performs-the same function as in any. jet- propulsion engine.

nozzlei32andc-here..-,,another::;Jimportailt energy
cOnVersil*:Otaiiii::::;_,TherpretiSureenergY of the

cOn*MtiOngaSesialiiiiireited to:velocity. The
gases enter the exhaust nozzle atless than the
local speed of sound. But, while they pass
through the convergent nozzle, the pressure enerey of the gaies decreases and the Velocity
increases up to the local- speed of sound at the
exhaust .nozzle .exit.

liiiiiiitOiWdeVelotiedMik:',ithc,

Types of Ramjets
Rangetscntax-belsubsonicror Supersonic.' The
latter inefbe low oupersonic or high supersonic.

Subsonic:Ramjets
Zefinti00.740Yel9P
.

its own power. If fired at rest, high - pressure
combustion gases would escape out the front as
well as the rear. For satisfactory operation,
the engine must be boosted to a suitable sub-

.

et ;k as

the
ifOrmirgaiierelirWard;.:directiens: The bornbailment :(Jf ''cointlustion :gases against the sloping sides of the diffuser and,the ram-air barrier. exert. a force -sin the forviard direction.
Thiti forivard; force.
not balanced :by: the
coMbUstion gases .that --escape. through: the exhaUst nozzle. The unbalanced force constitutes
the:thrustthat propets the missile:
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Supersonic Ramjet

progressing from diffuser inlet to combustionchamber entrance, the obliqueness of the shock
wave successively decreases until a normal
shock wave followed by subsonic flow is pro-

The operation of a supersonic ramjet is the
same as that of a subsonic ramjet, with the duced.
following exceptions. First, the supersonic jet
This energy transformation is achieved by
must be boosted to a supersonic speed. Second, using
diffuser of the type shown in figure
a higher. pressUre 'barrier exists in the super- 4-11C.aThe
diffuser centerbody decreases the
sonic engine,. resulting in greater thrust.
obliqueness
of
the shock waves, allowing superIn order to operate, a low-supersonic ramsonic
air
to
flow
inside the diffuser inlet.
jet must be boosted to a supersonic speed,
As
supersonic
flow passes through the conapproximately equal to its operating speed, bevergent
section
of
the diffuser, the velocity is
fore ignition. When the forward speed of the steadily decreased
the pressure correramjet becomes supersonic, a normal shock spondingly increased.'and
At
some predetermined
entrance
to
the
diffuser
wave forms at the
in the diffuser, air velocity approaches
section. The location of this shock wave is point
the
sonic
value and a normal shock waveforms.
shown in figure 4-11B. On the upstream side
As
previously
when low-supersonic air
of the normal Shock wave, the free-stream air . flows through stated,
a
normal
wave, an abrupt
is moving at a low supersonic velocity.' As the decrease in velocity andshock
increase in pressure
supersonic air passes through the shock wave,
The
subsonic
air
produced by the
results.
value,
its velocity drops abruptly to a subsonic
the divergent
with a corresponding increase in pressure. Thus normal shock wave flows through
it
undergoes
an
section
of
the
diffuser,
where
the shock wave produces a sudden increase in additional velocity decrease and pressure inair pressure at the diffuser entrance. As the
diffuser has achieved
compressed subsonic air flows through the crease. Here againatthe
the
entrance to the coma
pressure
barrier
increase
diverging diffuser section, an additional
chamber. The exhaust nozzle shown in
in pressure and decrease in velocity occurs. bustion
type
As in a subsonic ramjet, fuel is mixed with the diagram is of the convergent-divergent
flow
at
the
exit.
designed
to
produce
supersonic
the highly compressed air, the mixture is ignited
A ramjet is designed to operate best at some
initially by a spark plug, and burning is congiven
speed and altitude. The pressure recovery
tinuous thereafter. The potential energy pos- process
in a diffuser designed for oblique shock
sessed by the combustion gases is converted into
waves is more efficient than that in diffusers
kinetic energy by the exhaust nozzle.
for subsonic flow or single normal
The convergent-divergent nozzle shown in designed
shock
waves.
that reason the ramjet engine
figure 4-11B allows the gases to exceed the operates best For
at
high
supersonic speeds. To
local speed of sound. Therefore, with proper attain this speed, a rocket
or other type of
design modificationS, the ramjet engine can
generally
larger and
booster is used, and it is
travel efficiently at supersonic speed..
Now, assume that we want to design a ramjet heavier than the ramjet itself.
nil engine{ tdeit11::--editeCtO. long.-range
that Will travel.; at. higher 'supersonic speeds.
hightspeed[Mitsilekiincethethrust
increases
At speeds of. around Math 2.0, shock waves SiithSpeek inclAhe rati if Friel consumption
per
formed at the diffusev inlet are oblique (fig.
.unit:
of
thruSt,clecreases
with
speed.
in
front
4 -11C) rather than normal. Air velocity
of an 'oblique shock Wave is high supersonic.
When Supersonic free- stream air passes through
ROCKET MOTORS
an oblique shock waVe. an increase in pressure
and 'a decrease in VsloUitYoCeur, but the velocity
is, still, supersonic:' For example; air with a GENERAL
freestieam'veloCity of ..4500`: mph may pass
Unlike a jet engine, a rocket carries within
through ;an'. oblique shock wave and:Still have a
and energy required for its
veloCity of900 mph. Also when, supersonic air itself all theItmass
is
independent
of the surrounding
flows ! through, diirergent-t;vpe.:: diffuser sections, operation. In .a rocket, the chemical reaction
medium.
. as shoWn infigureS 4-1IA and; 4-118:Ihe ?velocitiv takes place at a very rapid rate. This results
of hat'. air increases and the PressuredeCreeseS. in:higher temperatures higher operating pres.Therefore, the diffUser.';.vdisignr,'foi
.development;than in
supersonic .:.iiimjette. aiistbe::,#UX1111ed,SO :that in Mitee, and, higher thrust

Pr

Chapter 4MISSILE PROPULSION SYSTEMS

DIFFUSER SECTION

SPARK PLUG

FLAME HOLDER

EXHAUST NOZZLE

SONIC VELOCITY GASES

TO FUEL
INJECTION NOZZLES

PRESSURE

BARRIER

COMBUSTION CHAMBER

HIGH PRESSURE GASES-

AIR

A.

FUEL

SPARK PLUG

PRESSURE ENERGY

CONVERTED TO VELOCITY

aaa

Imis

ADDITIONAL AIR
PRESSURE PRODUCED

BY DIFFUSER

CENTER BODY
DIFFUSER

HIGH PRESSURE
COMBUSTION GASES

EXHAUST NOZZLE

FUEL

EXHAUST NOZZLE

SUPERSONIC

now

.

POSITION 0PNORMAL".SHOCK' KAYE...
.

.

.

igure 4-11.-7StrAleture,Pf
andleembuettqu processes In them
A. Subsonic vramjet; B. , Low ,11thliet°
supersonic, ramjet; C. High:supersonic rim et._

-4e.

,

'4AIR

-FUEL

144.22

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

In the stored-pressure system, air
jet engines. Because of the high pressures systems.
pressure in
developed in rocket motors, the convergent- or some other gas is stored under
It
is
injected,
the
missile
before
launching.
divergent nozzle is used so that more of the
storin
controlled
amounts,
into
the
propellant
energy can be extracted from the gases after
flow toward
age
tanks,
causing
a
pressurized
The
basic
they have passed the throat section.
a generated- .
principles involved in the action of other jet- the combustion chamber. In carried
within
pressure system, substances are
propulsion units also apply to rockets.
the
missile
to
generate
the
high-pressure
gas
Depending on the physical state of the Proof
such
a.
substance
as
it
is
needed.
An
example
pellant used; rockets are designated as either
is hydrogen peroxide, which, when passed
solid or liquid type.
to form a highA solid rocket has a short burning time, through a catalyst, decomposesthen
injected into
pressure
vapor.
This
vapor
is
nonsimple design, heavy construction, and
propellant storage tanks.
intermittent operation. .It is therefore pri- the Many
other devices such as valves, regumarily used for booster units, and as a powerlators,
delivery
tubes, and injectors, are necplant for relatively short-duration, high-speed
operation of either
essary
for
the
successful
missiles. Recent research seems to indisystem.
future
cate that solid fuels will have increasing
Figure 4-12 shows the general relationship
applications in long-range missiles. The Navy's
Polaris (ICBM) is propelled by a solid-fuel of the various major parts of a stored-pressure
feed 'system. In the system shown, air is stored
rocket.
is
The liquid rocket unit has a longer burning under pressure. The hand-arming valve
This
opened
manually,
just
before
hunching.
time relatively complicated design, and in- allows the system to be pressurized up to the
termittent operation possibilities. This system
has been widely used as a powerplant for high- motor-start valve. The air-pressure regulator
altitude, long-range missiles, and space craft. decreases the pressure to the desired value
To summarize, the more important char- require l for operation of the system components.
Most liquid-fuel rocket systems . use higher
acteristics of all rocket engines are:
Also,
1. The thrust of a' rocket is nearly constant, pressure than shown in the illustration.helium,
instead
of
air,
alight,
inert
gas,
watts
and is independent, of speed.
is used. This permits weight reduction and also
2. Rockets will operate in a vacuum.
hazard which is
3. Rockets have relatively few moving parts. eliminates a fire and explosionNitrogenalso
may
present
with
pressurized
air.
4. Rockets have a very high rate of propelbe
be
used
because
it
is
fire-safe;
tanks
may
lant consumption.
The
pressure
pressurized
to
about
2000
psi.
5. Burning time of the propellant Ina rocket
on the fuel and oxidizer. tanks has to be greater
is short.
chamber,
6. Rockets need no booster. They have full than the pressure in the combustionflask.
Rebut
much
less
'than
in
the
nitrogen
thrust at takeoff; therefore, when. rockets do
ducing
valves
are'used
to
reduce
the
pressure.
employ boOsters it is for the purpose of reachThe motor-start 'valve is electrically opering a high velocity in minimum time.
ated. It is opened from a safe distance after
.

all persomiel have cleared the immediate launch-

LIQUID-FUEL ROCKETS

ing area.. Pressurized air or inert gas enters
tanks.
The major 'components of a liquid-rocket and pressurizes the. fuel and. oxidizer that
is
These
tanks
must
be
made
of
material
sytitem are,the propellant, propellant-feed syspropellants.
In
not
affected
by
the
respective
exhaust
tem, combustion.. chamber,. igniter, and
nozzle. The propellant -feed system- is the only.
Part which.has not been explained; rin, principle,
in .the preceding sections of this chapter. Feed
systems..may be ;of the -.pressure-feed :type. 'or
the:pump-feed. type.

.

Pressure -Feed Systems
.

,'!;

,..Pressure =feed systems may pe...:80bdi*ided
into ,.?Stored=preasUre:).1,and,
..

.

addition, they must' be .strong enough to withstand .the;:added. pressure.. At the ,same time

that the propellant tanks are pressurized, air
also enters the 'hydraulic. accumulator and
pressurizes thkhydraulic fluid. (PresOurized

nitrogen may;. be used te.openIthe.fuel valve, or
other ..flow control._ may be used instead of
control.) : The -hyditulic 'fluid dis
plates the Pisten in the propellant valve actuating
turn opens -the. propellant
cyitioei; 4hieh
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Figure 4-12.Stored-pressure feed system of a liquid rocket.
valves. Fuel and oxidizer, under pressure, now
flow through the respective mixtures orifices,
which regulate the flow so that the correct
mixture ratio is maintained. These orifices
are simply restrictions in the line, and are flow- .
checked prior to installation. In some cases
the injectors perform this operation, and orifices
are not necessary. The propellante are atomized
by the injectors. Note that the oxidizer (propellant: in some syitems)firet circulates between
the walls of the combustion chamber before
passing through the cutoff valVe. This action is
called: regenerative Cooling. It makes pOssible
the use of thin-walled- Combiistion Chambers
(reducing:the. weight).. The feet that the engine
is cooled'Permits longer burning than if it were'
not: coOleck r. -.A further advantage' is that the
propellant 'is,, preheated before injection into
the combustion chamber, which retinits'in more
coMplete:COMbustion and greater ,.release of
heat energy. Other: methods of cooling ire..alsO

144.23

Figure 4-13A sketches the main parts of a

generated-pressure system. The gas is produced by chemically reacting a liquid or solid
propellant at a steady,_ uniform rate. Note

that there to a return flow from the combustion

ate

chamber to the chemical pressure system.
Pump-Feed System

The Pumpfeed system (fig..4-1313) is nearly

the same as the pressure-feed systeni, except
that the pressurized &Skis replaced by pumps

which force the Propellant' and oxidiker into the
combustion. chamber. To power the pumps, a
steam generating plant may be providedto opera turbine which in 'turn-drives the pumps.
This system has the advantage of, having lightweight tanks-but; of course; more complicated
than the pressure feed system.
PnmP-feed sYsteMs are Used:with power
Plante
'detiigned to ixon lerge':vOlUnies of.pro=
in tine ,Three, general: methods of cooling roCket
and:V4thplants requiring a high weight
motors area film Method; regenerative (Men- rate,:of:AOW.''''
system consists of
tione& abeire );:ind sweat
Nit necessary a : fuel p iinpp and piiMp.4eed
an
oxidizer
pump,
both driven
to :control, the temperature tOPreivent deititietiOn by a :'tUrti
wheel. Power for d
..rOf,"thfkiiietiilliCperti'Of the rocket motor before. bins Wheel iney:,bkprailded'i*iilkilAeheieted

theielii

*i4

by7 chemicals

"Idithet
,
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Figure 4-13.Liquid propellant. feed systems:
A. Generated pressure system; B. Pump-feed system.
purpose (turbine-pump system), or the turbine
wheel may receive its power from the exhaust
gases of a rocket motor (turbo-pump system).
Figure 4-13B illustrates the major coMponents
of a liquid fuel rocket that.uses aturbine pumpfeed system.
,

Because pressure is felt only on the com-

I

A film-cooling procedure consists of low-

velocity injection of a portion of the fuel,

oxidizer, or some nonreactive liquid into the
chamber at critical points. The fluid forms
a protective film on the inner walls, and absorbs heat from the walls as it evaporates. It
may be used in combination with regenerative

bustion chamber side of the pumps, the fuel and cooling.
oxidizer tanks can be of lighter weight than in
Sweat (transpiration) cooling is achieved by
pressure -feed systeMs. A' disadvantage is that use of a porous chamber 'wall through which
the auxiliary . devices and controls of a pump - the liquid slowly flows. The evaporation of the
feed 'system are far more complicatedthan those liquid from the surfaces causes cooling of the
of a stored-bregisuressystem. This complexity surfaces. It is used on aerodynamically heated
means that a 'complicated checkout is necessary surfaces and combustion chambers.
and .the reliability ieles8Pned
A look at the names of missiles that use
Because of -the intense heat dierCloPed in liquid-fuel rocket engines shows that most of
liqeidideliet::Conthestion Chamber:3, it is iM- them are earlier day 'missiles or arebeingused
pcirtintrthifllie inner walls r of the chamber, to boost space vehicles into orbit: Corporal,
be coded: "UnCoOled opeiiition WAC Corporal, Centaur, Titan, Thor, Jupiter,
throat, Xnd',
over a :.ptolonged Period ; reduces physical Redstone Aerobee Explorer, Gargoyle, Gorgon
the
striMgth and may
II A N ;eh Viking Nike, Rascal, and. Van
The large Missiles use one or more
The regenerative -cooling ;.inetinid shown in guard.
Stages
with
solid propellant. ,The development of
ligiire412:iii.oftgin used. Before rtojecticiiitito
a
prepackaged
liquid-fuel engine: as used, in
ted i,
dfsZer ,ittii
the :,,cliaMbeki-ithei'inelicir
Bellpup, may be the start of a trend to the use
-4410ii;.ligtir011. 014#41.le of he :091227
oh
-ft3.mi.,-0i.
propellants.- One of the important
of
' iit.41?siiited by tie.
iii':
-iiiiiii*,,,
disadvantages
of the liquid-ftiel engines was that'
i, cools the amber 'and...:, ad daito :
014,
they
couldina
be fueled and stored fore any
therPrope t,:.
4co0
energy~
.
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length of time. The prepacking method may
overcome this handicap.

Description of Liquid Fuels

Earlier in this chapter, liquid propellants
in general were described, and advantages and
disadvantages were stated. Specific fuels will

Liquid oxygen tends to react violently with

oil vapors, often causing them to burn spontaneously. Any bituminous materials or petroleum products must be kept away from areas
where it is handled.
The extremely low temperature of liquid

oxygen causes water vapor from the surrounding atmosphere to collect and freeze on pipes
be. described here.
and valves. This is a serious problem, which
Aniline, hydrazine hydrate, and ethyl alcohol
are among the more commonly used liquid rocket has yet tc be fully solved. Liquid oxygen is
noncorrosive and nontoxic, but will cause severe
fuels. Aniline is an oily clear liquid with a spe- damage
if it comes into contact with skin.
cific gravity of 1.022. (Specific gravity of water
In
spite
of the many problems connected with
is 1.000.) It has a boiling point of about 363°F
its
manufacture
and handling, liquid oxygen is an
and a freezing point of about 21° F. On contact
excellent
propellant;
it is the best oxidizing agent
with red fuming nitric acid, it ignites spon- available.
tanously. A fuel and oxidizer combination that
Nitric acid is used in several different
reacts in this manner is said to be HYPER, forms
as an oxidizer for liqUid rockets. The
GOLIC. This combination was successfully used
most
commonly
used and the most powerful of
in the WAC Corporal, Corporal, Aerobes (soundthese
is
RED
FUMING
NITRIC ACID (RFNA),
ing rocket) and Gorgon II-A missiles.
which
consists
of
nitric
acid in which nitrogen
Hydrazine, hydrate is a colorless liquid, dioxide is dissolved.
It
slightly heavier than water. Rio explosive when orange to brick red, andvaries in color from
gets its name from
its concentration is above 25%. Hydrazine hyreddish color of the nitric oxide fumes it
drate gives a hypergolic reaction with hydrogen the
gives off. RFNA is highly corrosive, and
peroxide.
Ethyl alcohol is a clear. liquid, lighter than stainless steel must be used for storage tanks
water. It is stable to shock and temperature and delivery pipes. Its high vapor pressure
changes. It is readily available because of its presents storage and transfer problems. The
wide icoMmercial market in the chemical and fumes are extremely poisonous, and severe
result from bodily contact with the
liquoir industries. Ethyl alcohol (ethanol) has burns
liquid.
oxidizer has been euccessfully
a low heat value and a lovi vapor pressure. used withThis
aniline,
giving up approximately
For use in missiles it is commonly mixed with 03.5% of its
oxygen
distilled or deionized water. Methyl and fur- It is alio used with content for combustion.
,kerosene, hydrazine, and
furyl alcohols are also used for propellants. compounds of hydrazine.
Liquid oxygen, referred to as _Lox, and
Hydrogen peroxide is a colorless liquid
various forms' of nitric acid, are among the most which,
In concentrations of from 7016 to 906,
commonly
oxidizers'' in ;: liquid rockets. maq.:be' used
as a monopropellant in guided
oxygen is made by liquefying air and
boiling .9ff. the nitrogek and other gases. This missiles. When in contact with a suitable
catalyst (calcium permanganate, manganese dibluish 410'11d-2;12as ;a.bOilingPOint ofAbOUt minus
oxide,
platinum, silver, and other materials) it
297° 0;..-lind' a 'freezinepotht..Ctininus- 363° F.
decomposes,
forming steam and gaseous oxygen.
Because of - its low :boiling point, its rate of When 90% hydrogen
peroxide decomposes, about
evaPOration:is very high. :?,9.t.:t440 reason, stor- 42% of the `'total weight
of the decomposition
age Aiii4!Aiiiiiiieiit,.to,:hi*Chieg sareas , presents products is gaseous
oxygen.
Therefore, it is also
serious Probleinei:-ent
-ikapPreciable
logs.: WhekpOured on metal at ordinary ,tem- used' as an diddizer with such fuels as alcOhol
hYdrati. ., A third:use for hydrogen
PeretUre;'11quid oxygen iacts: likemater dropped and.hydreZthe
peroxide is as a pressurizing egent..The go:aeons
on
' toiS.!
POratiOn;.*ss... in the productS of decomposition: may be jetted against
GerMen V =2
,1:4:tiotindgi: per
infinite betviien e time Of foelixig and leunChing. e.:tUrbine wheel which drives fuel and oxidizer.
-Under 'the, 'sbe :conditions,'the ;19sS%- of liquids ..cPumtis connected to the turbine shaft..
In theSeerch Or :storable liquid propellants
Owe*
0.40#6304
097:010
iierp9.
X; high specific
by,
ombined -malt
.. Storage AequRes.:6014:4).',4*.
alin4 and.Eithring,:availability, and
insulation and/or, some form of r
-

numerous -.;Corchinations"...

Ve; been
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of a solid rocket is simple.
tried. Among the most promising is nitrogen To Operation
start the combustion process, some form of
tetroxide plus hydrazine. Nitrogen tetroxide electrically
detonated squib is ordinarily used
(N204) can be stored without refrigeration and to ignite a smokeless
or black powder charge.
is not difficult to handle. It is also noncorrosive Upon igniting, the powder
charge provides sufto steel. Another good storable liquid fuel is ficient heat and the pressure to raise the experchloryl fluoride, which is also noncorrosive. posed surface of the propellant grain to a point
Fuels which have a higher heat energy than
where combustion will take place.
the hydrocarbons are sometimes called exotic
fuels, or zip fuels. Boron compounds are fre- Types of Solid Propellant Charges
quently the basic ingredient.

Solid propellant charges are of two basic

SOLID -FUEL ROCKETS

types: restricted burning or unrestricted burnA restricted-burning charge has some of
A solid rocket unit consists of the propel- ing.
its
exposed
surfaces covered with an inhibitor
lant, combustion chamber, igniter, and exhaust
(fig. 4-14). This makes it possible to control
nozzle (fig. 4-14).
the burning area
The combustion chamber of a solid rocket the burning rate by confining
surfaces.
The use
the desired surface or
serves two purposes. First, it acts as a stor- to
burning time of the
of
inhibitors
lengthens
the
age place for the propellant. Second, it serves charge, and helps to control the combustionas a chamber in which burning takes place.
pressure. A burning cigarette can
Depending on the grain configuration used, chamber
considered as a model of an inhibited rocket
this chamber may also contain a device for be
grain,
with the paper representing the inhibitor.
holding the grain in the desired position, a
A
restricted-burning charge is usually a
trap to prevent flying particles of propellant solid cylinder
which completely fills the comfrom clogging the throat section, and rescnance bustion chamber
burns only on the end.
rods to absorb vibrations set up inthe chamber. (fig. 4-15A). Theand
thrust is proportional to the
The igniter consists of a small charge of
section area of the charge, and burning
black powder, or some other material that can cross
time
is
to length. The restricted
be easily 'ignited by either a spark discharge burningproportional
relatively low thrust
charge
provides
or a hot wire. As it burns, the igniter produces and long burning time. Uses of this type of
a temperature high enough to ignite the main
propellant charge.
The exhaust nozzle serves the same purpose
as in any other jet-propulsion system. It must
be of heavy construction and/or heat-resistant
materials, because of the high temperatures of
the exhaust jet.
B
ClIANSER

ELECTRIC IGNITER NUM

PROPELLANT

`NOZZLE

INHIBITOR

C

SUNNING

SURFACI

PROTECTIVE DIAPHRAGM

12.26

grains: A. Re 144.25 Figure 4-15.Solid propellant
Restrictedbored;
C. Unburning; B.
Figure 4-14.Components of a solid rocket stricted
restricted burning; D. Grain patterns.
motor, with end-burning grain.

..
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charge include JATO (jet-assisted takeoff )units, the outer portion of
the grain provides a shield
barrage rockets, and sustaining rockets for between
the intense heat and the combustion
guided missiles.
chamber wall until the grain is almost completeA modification of the restricted burning
d), consumed.
charge is the bored restricted charge (fig. 415B ). The main difference is that the longitudinal

hole in the charge provides somewhat more
burning surface and thus a higher thrust and
shorter burning time.
Unrestricted-burning charges are permitted
to burn on all surfaces at once. The unrestricted

grain delivers a relatively large thrust for a
short time. An unrestricted burning charge

is usually hollow, and burns on both the outside
and inside surfaces (fig. 4-15C). Thrust is
again proportional to the burning area. Since
the inside area increases while the outside
area decreases during burning, it is possible

Burning Rate of Solid

Propellant Grains

The burning rate of a solid propellant
is the rate at which the grain is consumed; it
is a measure of linear distance burned, in

inches per second, in a direction perpendicular
to a burning surface.
As stated earlier, thrust depends on mass
rate of flow and the change in velocity of the
working fluid. For large thrust, a large burn-

area is necessary in order to yield a
to maintain a nearly constant burning area. ing
large
mass flow. A smaller burning area
The burning time of hollow grains depends on produces
less mass flow and less thrust.
the web thicknessthe distance between the
Therefore,
by varying the geometrical shape
inside and outside surfaces. This type of charge
and
arrangement
of the charge, the thrust
is commonly used in booster
rockets.

It should be clearly understood that in both
the restricted and unrestricted burning charges,

developed by a given amount of propellant in a
given combustion chamber can be greatly in-

fluenced.

the burning rate is controlledthere is no

The burning characteristics of a solid propellant depend on its chemical composition, initial
temperature, combustion-chamber temperature

the properties of an ideal solid propellant

burning surface, and size and shape of the grain.
One propellant grain may burn in such a way
that the burning area remains constant, producing constant thrust. This type of burning is
known as
UTRAL BURNING. End-burning
propell
sins are of this type. Another important utral-grain design is the uninhibited,
internal xternal burning cylinder (fig. 4-15C),
which is used where a short-duration thrust is
needed, as in bazooka type rockets. The pro-

explosion. Controlling the burning rate of a solid
propellant has always presented a problem to
rocket designers. You will recall that one of

would be that it Ignite and burn evenly. The
burning rate may be controlled in severalways.
One is by means of inhibitors. An inhibitor
is any substance which interferes with or retards combustion. The lining and the washer
shown in figure 4-15 are examples of inhibitors.
Another way that burning is controlled is by use
of various grain shapes. Examples are the
shapes shown in the lower part of figure 4-15D.
Resonant burning or "chugging" may be offset
by the use of resonance rods. These metal or
plastic rods are sometimes included in the
combustion chamber to break up regular fluctuations in the burning rate and their accompanying pressure variations. The purpose of the

and pressure, gas velocity adjacent to the

pellant burns so rapidly that heating of the
chamber walls is not excessive.
Another type of grain increases its burning

area as burning progresses.

In this case,

PROGRESSIVE BURNING is taking place. Thrust

increases as the burning area increases. Still

various designs is to maintain a constant

another grain may show a constantly decreasing

being consumed.
Until recently

called DEGRESSIVE BURNING. It results in a

burning area as burning progresses. This is
decreasing thrust. Various star-shaped pera serious - disadvantage of forations (fig. 4-15D)
can be used to give
the solid propellant had to do with the problem -" neutral or degressive burning
characteristics,
of 'dissipating the extreme heat of combustion. but design changes
can make them progressive
One way this has been overcome is by use of burning.
the internal burning grain. Since the burning
Propellant grains are often formed by exprocess actually takes place within the grain, trusion;
these, of course, are installed in their

burning area while the surface of the grain is

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

pressure is determined by the area of the excases after forming. But certain types of com- haust nozzle throat. If the throat area is too
fuels,
posite propellants, bonded by elastomeric
large, for example, proper chamber pressure
chamber,
directly
in
the
rocket
can be cast
be maintained.
where the binder cures to a rubber and supports cannot
Decomposition
and hygroscopic tendencies
the grain by adhesion to the chamber walls. are other weaknesses of solid propellants but
This is called case-bonding.
can be minimized by the use of certain
It' permits full use of the chamber space. both
Change in the moisture content
additives.
Most high-performance rockets are made by changes the gaseous energy output of the prothis technique.
pellant with unpredictable results.
Some of the more common propellants are
discussed below. The chemical formulas of
Description of Solid Propellants
some of them are given, to show the carbon
and/or hydrogen content, and the oxygen conOne limitation of solid propellants is sen- tent of the oxidizers.
sitivity to temperature. The initial temperaOne of the first solid propellants used was
ture of a grain noticeably affects its perform- BLACK POWDER. Its approximate composithrust
ance. A given grain will produce more
day.
The tion is:
than
it
will
on
a
cold
61.6%
on a hot day
Potassium nitrate (KNO3)
percentage change in thrust per degree Fahren23.0%
Charcoal (C)
15.4%
heit temperature change is referred to as the
Sulphur
(S)
temperature sensitivity of the propellant. A Both charcoal and sulphur react readily with
grain designed to produce 1000 pounds of Oxygen. Potassium nitrate, as shown by its
thrust at 80° F may deliver only 600 pounds formula, contains large quantities of oxygen.
of thrust at 30° F. The initial temperature The three ingredients are thoroughly mixed,
also affects the burning rate. Because of using some substance such as glue or oil as a
these characteristics, solid propellants must BINDER.
be stored in areas of controlled temperature
When heat is applied to black powder, the
until they are used.
potasciam nitrate gives up oxygen. The oxygen
physical
state
Temperature also affects the
reacts with the sulphur and carbon, producing
of carbon
grains.
At
extremely
low
intense heat and large volumes
of solid...propellant
These
two gases
become
brittle
and
dioxide
and
sulphur
dioxide.
temperatures, some grains
increase the make up the major part of the exhaust jet.
are subject to cracking. Cracks
gives high
burning area and burning rate and therefore The heat produced by the reaction
Black
powder
pressure.
velocity to the exhaust gases.
increase the combustion-chamber
lb-sec/lb.
of
about
65
that
for
which
the
has a specific impulse
If this pressure exceeds
quite sensichamber was designed, the chamber may ex- One of its drawbacks is that it isand
tends to
to
high
temperato
storage
temperatures,
tive
plode. A propellant exposed
from
1500
ture before firing may lose its shape, and crack. Its exhaust velocityItranges
is
now
used
priThis,
too,
results
in
to 2,500 feet per second.
become soft and weak.
and
as
an
igniter
The
temperature
marily for signal rockets,
unsatisfactory performance.
range for most solid propellants is from about for other solid-propellant grains. propellant;
BALLISTITE is a double-base
25° F to 120° F. Correct storage temperature
retards the decomposition of propellants that it contains two propellant bases, NITROCELIt also concontain nitrocellulose (almost all of them do), LULOSE and NITROGLYCERINE.
additives,
each perwith
time,
in
spite
tains small amounts of
which inevitably deteriorate
A
STABILIZER
forming
a
specific
function.
of the addition of stabilizers.
absorbs the gaseous products of slow decomPressure limits play an important part in position,
and rdduces the tendency to absorb
solid propellant performance. Below a certain moisture during storage. A PLASTICIZER
highly
chamber pressure, combustion becomesjustain
serves as a binding agent. An OPACIFIER is
Some
propellants
will
not
unstable.
added to absorb the heat of reaction and precombustion at atmospheric pressure. Ordi- vent rapid thermal decomposition of the unnarily, chamber pressure for solid propellants burned part of the grain. A FLASH DEPRESmust be relatively high. For a given propellant SOR cools the exhaust gases before they escape
the chamber

composition and burning area,
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to the atmosphere, thus preventing a burningtail effect. A typical ballistite composition is ADVANCED PROPELLANTS AND
PROPULSION SYSTEMS
Nitrocellulose
The need for greater specific impulse and
C2484002003) 51.38% (propellant)
higher
energy propellants, particularly for use in
Nitroglycerine
space flights but E.lso for missile use, has stimC3H5(NO3)3
43.38% (propellant)
ulated research. The achievements of other
Diethylphthalate
3.09% (Plasticizer)
nations have spurred our own efforts in this
Potassium nitrate 1.45% (flash defield. The future of space flight is closely
pressor)
dependent upon propellants that yield far, higher
Diphenylamine
0.07% (stabilizer)
energy and impulse than are available from
Nigrosine dye
0.16 (opacifier)
combustion of chemical propellants.
Thus far, we have discussed only combustion

Ballistite has a specific impulse of about
210 lb-sec/lb. Its exhaust is relatively smokeless. Storage temperatures between 40° F and
120° F are necessary to prevent rapid decomposition. The ingredients of ballistite are
subject to detonation, and are toxic when they
come in contact with the skin. The manufacturing process is difficult and dangerous.
Galcit consists of about 25% asphalt-oil
mixture, which serves as both fuel and binder,
and 75% potassium perchlorate (K C104), which
serves as an oxidizer. In its. finished form,

Galcit resembles stiff paving tar. ReCommended temperature limits for firing
40°F
to 100° F. The specific impulse of are
galcit is

about 186 lb- sec /lb. It is quite stable to temperature; storage temperature limits are minus
9° F to 120° F. Galcit is relatively
easy to
manufacture. It is nonhygroscopicthat is, it
does not absorb moisture.
major disadvantage is that its exhaustIts
develops dense
clouds of white smoke. It is only about onefifth as sensitive to temperature changes as
ballistite, but it becomes brittle at low temperatures and soft at high temperatures.
NDRC propellants were developed through
research sponsored by the National Defense
Research Committee. A typical composition
consists of about equal parts of ammonium
rate and sodium nitrate (46.5% each), and pic'7%
resin binder (usually urea formaldehyde). This
propellant has good tli6rmal stability. It is
hygroscopic, and mast therefore be stored in
sealed containers. Heavy smoke develops inthe
exhaust gases.
Solid propellant rockets are particularly
adaptable to ship hard use. They are easily
stored and ready for immediate use. qo great
have been the improvements in solid' propellants in the past few years that they arenow
used in such long-range missiles as the Navy's
Polaris and the Air Force's Minuteman.
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of chemical propellants, liquid and solid, as a
source of energy. It is possible to get
from chemical propellants by free radicalenergy
(molecular fragment) recombination, or by exothermic decomposition (controlled explosion).
Free radical propulsion is still in the research

stage and it may take a long time to yield
praCtical results. As for exothermic decomposition, at the present time no material is
available that releases sufficient energy upon

controlled decomposition to make it preferable
to combustion systems. Further research may
change this.
Experiments !laic: been made in the use of
solar energy and arc-heated or electric systems, but thus far, their low efficiency has
made them impractical. Progress in the field
of direct power conversion or large improvements in conversion
this. A solar-heated efficiency could change

system uses the radiant
energy of the sun. An electric system uses the
acceleration of charged atoms, molecules or
particles in electric fields. If the particles
are atoms or molecules, the system is an ion
(or ionic) system; if they are solid
or droplets, the system is a chargedparticles
particle
system.

NUCLEAR-POWERED ROCKETS

Considerable research and development work
is being done to achieve the use of nuclear power
for missile propulsion. A nuclear powerplant
would greatly increase both the speed and

range of missiles.

Present propulsion systems would become obsolete as major powerplants for long range missiles or for space
flights. But they may still serve as boosters
for takeoff and initial accelration, to prevent
radioactive contamination of the launching area.
One of the main advantages in the upe of

nuclear power is that it provides an almost
4
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inexhaustible source of heat. In a missile
propelled by nuclear energy, the fuel supply
would remain practically constant throughout
the flight. Enough fuel to start the reaction
would be enough for sustained operation. But
other material, such as water, is required
in the missile to absorb the heat developed by
the powerplant, and to be accelerated to produce
thrust.

The major problems confronting the engi-

neers are protecting the launching personnel

from radiation damage, and developing a nuclear

powerplant small enough to be carried in a
guided missile. Many years of extensive
technical development may be needed before
nuclear energy can be harnessed for use as
a missile powerplant. But the outlook is
promising.

Nuclear systems can be fission, fusion, or
photon systems. (A photon is a quantum of
electromagnetic energy.) A photon system uses
a source of light photons to develop thrust.
The only sufficiently powerful photon source is
the fusion process. There is much development work yet to be done on this type of rocket
engine. Much greater advancement has been
achieved in the development of a nuclear fission
rocket engine than in fusion-photon systems.

Most of the research on advanced propel-

CONTROL
VALVE

NOZZLE

GAS
GENERATOR
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Figure 4-16.Sketch of a hybrid
propulsion engine.
of the elements of a simple forward hybrid engine. Combustion takes place on the inside
surface of the solid fuel, after the liquid fuel is
injected, and the combustion products are exhausted through the nozzle to produce thrust as
in other rockets. Nozzle systems and vector

control methods are the same as in other re-

action engines. Variable thrust is achieved by
varying the flow of the liquid oxidizer. Thrust
termination and restart are accomplished by
shutting down and re-opening the oxidizer flow
system.
Missiles which use a solid-fuel booster and

propulsion methods applicable to guided missiles as well as space ships..

a liquid engine, such as the Taloa, are not
hybrids; the propellants do not interact.
The biggest advantage of hybrids is the
ability to use reactions denied to other propulsion systems. A second advantage is that

HYBRID PROPULSION

good specific impulse (Isp). The third great
advantage is safety. The solid grain is inert.

lants is being done for use in space flights.
Significant reduction in weight and size require-

ments may be achieved and may make new

A hybrid engine consists of a liquid oxidizer,

a solid fuel, and its associated hardware. The
liquid oxidizer is valved into a chamber containing the solid propellant. Ignition is usually
hypergolic. Neither of the propellants will
support combustion by itself in a true hybrid

rocket. The stnbustion chamber is within the
solid grain, as in a solid-fuel rocket; the liquid

portion is in a tank with pumping elements as
in a liquid-fuel rocket. This type is sometimes
called a .forward hybrid to distinguish it from
a reverse hybrid, in which the oxidizer is solid
and the fuel is liquid. Figure 4-16 is a sketch

high density can be achieved, with concurrently

Noimal grain defects do not affect performance.
A malfunction in combustion is unlikelyexcess
liquid and a badly cracked solid grain could
cause a pressure surge, but the chances of both
defects occurring together is small.
Although research and development have

been carried on in several areas since the
1950's, there are still many problems to be

solved before a hybrid engine can be used in
missiles. European research apparently is
'ahead of ours. A successful hybrid launching
was made in France on 25 April 1964. Research and development work is continuing in
the U.S., but much of it is classified.

CHAPTER 5

MISSILE CONTROL COMPONENTS AND SYSTEMS
INTRODUCTION

GENERAL

This chapter will introduce some of the

are continuously determined; (2) COMPUTING,
in which the tracking information is used to
determine the directions necessary for control;
(3) DIRECTING, in which the directions are

to the control units; and (4) STEERING,
numerous devices that may be used to control sent
which
is the process of using the directing
the flight of a guided missile. We will discuss
signals
to move the missile control surfaces
basic types of control systems: pneumatic,
by
power
units. The first three processes of
pneumatic-electric, hydraulic-electric, and path control
are performed by the guidance
electric. Throughout the chapter we will-deal
system,
and
steering
is done by the control
with general principles, rather than the actual system.
design of any specific missile.
In order for these processes to be accomChapter 2 described the external control
plished
the missile must be in stable flight.
surfaces of guided missiles, such as wings, The control
of missile stability is called ATTIfins, elevators, tails, and tabs, and described
TUDE
CONTROL,
and is usually accomplished
the effects of natural forces acting upon them.
by
an
AUTOPILOT,
which is a part of the control
The use of internal mechanisms such as jet system.
vanes and fixed jets was described briefly and
Flight attitude stabilization is absolutely
illustrated. This chapter tells how the control
necessary
the missile is to respond properly
surfaces are controlled to keep the missile in to guidanceif signals.
When the control system
its proper attitude on its ordered trajectory.
determines that a change in missile attitude is
necessary, it makes use of certain controllers
DEFINITIONS
and actuators to move the missile control surGuidance and control are sometimes spoken faces. The guidance system, when itdetermines
of as if they were one and the same. They are that a change in missile course is necessary,
two parts of the problem of getting the missile uses these same devices to move the control
to the selected target after it isfired. The main surface. Thus the guidance and control systems
reason for controlling a missile in flight is to overlap. For convenience, we will assume that
the controllers and actuators are a part of the
gain increased accuracy for long ranges.
control system, rather than the guidance sysA missile guidance system keeps the missile tem.
can therefore say that the output
on the proper flight path from launcher to signals We
from
the guidance system are put into
target, in accordance with signals received
effect
by,
a
part
of the control system. The input
from control points from the target, or from
signal
represents
the desired course to the
other sources of information. The missile target.
The
missile
control system operates
control system keeps the missile in the proper to bring the missile onto
flight attitude.
the desired course. If
Together, the guidance and there is a difference between
the desired flight
control components of any guided missile deter- path
and the one the missile is actually on, then
mine the proper flight path to hit the target,
the control system operates to change the posiand control the missile so that it follows this tidn
of the missile in space to reduce the error.
determined path. They accomplish this "path
To
summarize: the missile control system,
control" by the processes of (1) TRACKING, in
discussed
in this chapter, is responsible for
which the positions of the target and the missile
missile attitude control. The guidance system,
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ments or visually observes angular and linear
movement. On the basis of his observations,
he repositions the control surfaces as necessary

discussed in chapter 6, is responsible for
missile flight path control. Let us not forget
that missile guidance and missile control are
part of the overall weapons control system
which includes the weapons direction system and
the fire control system, linked by communica-

to keep the plane where he wants it.
Since there is no pilot in a guided missile
to note these movements, we install devices
that will detert them. It is important to mention

tion systems, all working together to get the
missile to the target. Radars (and sonars) for
detecting and tracking targets, and computers
are part of the fire control system. The speed
of modern aircraft and missiles makes computers a practical necessity to compute target
speed, target angle, etc., in time to align the
launcher and missile and send the missile to
intercept the target. The weapons direction
equipment is a roomful of electronic equipment
that includes a target selection and tracking
console, director assignment console, weapon
assignment console, and guided missile status
indicator. This chapter will not discuss the
operation of any of the above equipments; it
will tell only how they affect the behavior

here that some guided missiles do not detect
linear movement while others do. All guided
missiles detect angular movement. This will
be explained clearly in the chapters which discuss the various types of guidance. The control
system is made up of several sections that are
designed to perform, insofar as possible, the

functions of a human pilot. To accomplish this
purpose, the control surfaces must function at

the proper time and in the correct sequence.

of the missile in flight.

PURPOSE AND FUNCTION:
BASIC REQUIREMENTS

The first requirement of a control system
is a means of sensing when control operations
are needed. The system must then determine
what controls must be operated, and in what
way. In an airplane, the pilot checkable instru-

After a missile has beep launched, it receives
certain controlling Orders called guidance signals. The guidance signals may originate from
an external point or from within the missile
itself. To respond to the guidance signals, the
missile must "know" two things: it must continuously "know" information regarding its
movement, and it must continuously "know" the
positions of the control surfaces.
Figure 5-1 shows a simplifiedblockdiagram
of a missile control system. As mentioned before, not all of these components will be +a the
missile itself: The location of some of'., components varies with the type of guids 13 used
by the missile.

DEVICES FOR
DETECTING
MISSILE
MOVEMENT

CONTROL SURFACE
OR

JET CONTROLS

MOVEMENT INFORMATION
SUMMATION

AND
.COMPUTER
NETWORK

SERVO

ERROR

SIGNALS

MECHANISMS

GUIDANCE SIGNALS

DEVICES
WHICH

PRODUCE
GUIDANCE
SIGNALS

CONTROL SURFACE OR
JET CONTROL POSITION
INFORMATION

DEVICE FOR DETECTING
CONTROL SURFACE OR
JET CONTROL POSITION

33.59

Figure 5-1.Simplified missile control system.
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FACTORS CONTROLLED

Missile course stability is made possible by

devices which control the angular movement
(also called rotational movement) of the missile about its three axes. The three flight
control axes are shown in figure 2 -7. These are
the pitch, yaw, and roll axes. Chapter 2 describes how missile control surfaces are used

to maintain the stability of the missile in flight.
The second type of movement called translation,
includes any LINEAR movement of the mivaile.
For example, a sudden gust of wind or an air
pocket could throw a. missile a consieerable
distance off the desired trajectory without
causing any significant angular movement. If
you have ever flown in an airplane, this should
be fairly easy to understand. If the plane hits an
air pocket, it may drop several hundred feet but
still maintain a straight and level attitude. Any
linear movement, regardless of direction, can

be resolved into three components: lateral
movement, vertical movement, and movement
in the direction of thrust. Thus, in addition to
the three angular degrees of movement, we have

three linear degrees of movement. A missile

in flight can therefore be said to have six

degrees of movement.

METHODS OF CONTROL

in any direction, and each jet must respond to
signals from any of the three control channels

(pitch, roll, and yaw).
A control system using four movable jets is
shown in figure 5-2. Each jet turns in only one
plane: Two of the jets, #1 and #3, control yaw.

Jets 2 and 4 control pitch, and all four jets are
used together to control roll..

The first stage of Polaris A3 uses four

movable nozzles to control pitch, yaw, and roll
of the missile. The actuators, which are moved
by hydraulic power, are connected directly to the
rotatable nozzles. Control signals are received

from the electronics package in the missile.

The second stage of Polaris A3 uses a fluid
injection system in which pressurized Freon is
injected' into one or more of four fixed nozzles,
upon signal from the electronics package of the
missile. Two injector valves are mounted diametrically opposite each other on each motor
nozzle. Older mods of Polaris use jetevators
(see chapter 2) to control missile movement.
Positions of the jets are controlled by hydraulic cylinders linked to the engine housing.
One cylinder and linkage is required for each
engine. The direction in which hydraulic pressure is applied is determined by an actuator.
The signals produced by errors about the
missile axes of translation and rotation are combined by the missile compt.ter network to form

We have discussed missile control from the
standpoint of moving the missile control surfaces. Since some operational guided missiles

function at extremely high altitudes where

control surfaces are not effective (due to low air
density), other means of correcting the missile
flight path have been devised. The basic con-

cepts of missile controlwithout the use of
control surfacesare outlined in chapter 2.
These are the exhaust or jet vanes placed
in the jet stream of the propulsion system
(fig. 2 -18B); fixed jets placed around the missile
(fig. 2-18A); and' the movable jet (fig. 2-18C),

which is a gimbaled engine mounting. (The
gimbaled arrangement is not unlike that used to

permit universal movement of a free gyro.)
The engine is mounted so that its exhaust.
end is free to move and thus direct the exhauSt
gases in a desired direction.
The gimbaled engine mounting does not ...4give

full control about all three axes. It cannot
control roll. To get control on all axes, two
.

gimbal-mounted jets can be positioned as shown
in figure 2-18C., Both jets mustbe free to move

JETS 1 AND 3 CONTROL YAW

JETS 2 AND 4 CONTROL PITCH

ALL JETS CONTROL ROLL
ARROWS INDICATEJET MOVEMENT

Figure 5-2.Control by four jets
(aft view of missile).
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MIXERS. The mixer combines guidance and
control signals in the correct proportion, sense,
and amplitude. In other words, a correction
signal must have the correct proportion to the
error, must sense the direction of error, then
apply corrections in the proper amplitude.
PROPORTIONAL.The proportional control
TYPES OF CONTROL ACTION
operates the load by producing an error signal
proportional to the amount of deviation from
control signal produced by a sensor.
The basic control signals may come from the RATE.Rate
control operates the load by
inside the Missile, from an outside source,
producing
an
error
signal proportional to the
or both. To coordinate the signals, computers speed at which the deviation
is changing. This
are used to mix, integrate, and rate the sig- output is usually combined with
a proportional
nal impulses. In a missile control system, they
in missignal
to
produce
the
desired
change
remembering is done by integrating devices and'
sile
attitude
or
direction.
the anticipation (of what to do next) is done by
These are not names of single components,
rate devices. .
The computer network can be thought of as but rather, they designate the type of action
the brain (or the pilot) of the missile. The performed by one or more components in the
computer network takes into account guidance system.
signals, missile movement; and control surface
positions. By doing this continuously, it can TYPES OF CONTROL SYSTEMS
generate error signals. These signals cause
Regardless of which method of trajectory
control surface movements, or a change in the
control
is used, whether by movement of conjet stream direction as described above, that
trol
surfaces;
jet vanes, movable or fixed jets,
tend to keep the missile at its design attitude
movable
or
fixed
nozzles, or fluid injection,
misand on its correct trajectory. Actually, a
must use some source of power to make
sile is rarely at its design attitude or exactly all
the
movements. This power is initially produced
on its prescribed trajectory. Like a ship, the by hot
gases, compressed or high pressure air,
missile continuously yaws, rolls, and pitches,
or
electrical
means. The power is transmitted
and experiences movements of translation. The
from
the
supply
sources to the movable controls
computer network can be compared to the helmsPNEUMATIC, ELECTRICAL or MECHANIman on a ship. Both are always making cor- by
CAL
means, or by using a HYDRAULIC transrections. Seldom is either absolutely right.
The terms "error signal" and "correction fer system in conjunction with the sources mensignal" are used almost interchangeably. tioned above.
Strictly speaking, the signal that orders moveBefore getting into the details of specific
ment of the control surfaces to correct errors
general
is a correction signal. It originates in the control types of control, let us first take aand
comsection of the missile. Signals that tell the com- look at several possible controllers
advantages
and
disadvanpare
some
of
their
puter about deviations an flight path are error
signals and originate in the guidance system. tages.
Since all of these signals concern errors they
A pneumatic system which depends on tanks of
may be called error signals.
compressed
air is obviously limited in range.
An automatic control system of this type is

correction signals. When these correction signals are applied to the controller mechanisms,
action of these mechanisms results in keeping
the missile in its correct flight path and at the
proper attitude.

generally referred to as a SERVOMECHANISM,

Since air or any other gas is compressible,

discussed later in this chapter.
The job of a computer in a fire control system is to convert available information such as
speeds, locations, and ballistic data, into required information such as fuze settings, and
missile orders. It does thisbyuse of a complex

the movement of a pneumatic actuator is slow

puter network. According to their manipulation
of control signals, they may be classed as:

speed missiles are controlled by hydraulic

due to the time it takes to compress the air

in the actuator to a pressure sufficient to move
it. Hydraulic fluid is practically incompress-

ible and will produce a faster reaction on an
actuator, especially when the actuator must
of components and devices that make upthe com- move against large forces. Thus, large, high
actuators.

3C4.'"°'
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A hydraulic system normally weighs more
because it needs a pump, reservoir, and accumulator. Also a hydraulic system isard to
maintain, requiring filling and bleeding operations.
At the high altitudes at which most missiles
are intended to fly, temperature and pressure
are severely reduced. This has an effect on

the APS systems rely on the main combustion
chamber as the initial source of energy. Others
have their own energy sources completely separate from the main propulsionunit. Whateirer the
initial source of energy, APS systems may be

placed in two broad categoriesSTATIC and
DYNAMIC. In the static systems energy is
used
in the same form in which it is stored. In
any type of control system. At extreme altitudes the dynamic
systems energy is changed from one
hydraulic fluid may be useless due to severe form to another by a conversion
unit.
changes in its viscosity. Air bubbles in metal

parts may expand and create malfunctions. High System Requirements
altitude lubrication of mechanically moving
parts must be - onsidered. Changes of temperaBefore taking up specific systems, there are
ture also affect the operation of electronic parts. several
requirements for an APS system
Very few missiles have been designed which that we general
will
mention
briefly. First, the system
do not have some part that operates by elec- must be able to deliver
the necessary power
tricity. The use of an all electric control
during
all
conditions
of
missile
flight. Second,
system would place all the equipment, except the system must be able to
respond
quickly and
the propulsion unit, within the electrical field. accurately to domands made
on
it.
Third, the
This would simplify manufacture, assembly, system must be of minimum
:size and weight conand maintenance. Also, it would be easier to sistent with the requirements
it must meet.
transmit information or power to all parts of Fourth, the system must be
the missile by wires, rather than by hydraulic withstand long storage under durable enough to
severe conditions.
or pneumitic tubing. Disadvantages of allSTATIC SYSTEMS.As previously menelectric control systems will be discussed later tioned, the static APS systems
use energy inthe
in this chapter.
form in which it is stored. For example,
An all-mechanical control system in a mis- same
the electrical energy in a storage battery may
sile is not very probable. In an all-mechanical be
used directly to operate solenoids. Comsystem, error information would be transferred pressed
air also may be used directly to opfrom a mechanical sensor by some mechanical
erate
control
system components. Static sysmeans such as a gear train, cable, rotating or tems require no
rotating machinery for energy
sliding shaft, or chain linkage. +his linkage conversion.
would then connect to the correcting devices
DYNAMIC SYSTEMS.In dynamic systems
such as control surfaces or movable jets. In
energy
is changed from one form to another.
addition, any computing devices in the system For example,
the potential energy in compressed
would also be mechanical.
air
may
be
changed
to electrical energy through
The major disadvantages of a mechanical an air-driven turbine
and electric generator.
control system are that too much power would The same is true of combustion
be required to move the necessary (and heavy) either the main combustion gases taken from
gear trains and linkages, and the fact that in- arate auxiliary combustion chamber or a sepchamber. Liquid
stallation of an all-mechanical system would fuel may be tapped off the main
propulsion fuel
be extremely difficult in the small space allotted. tank and used to drive
an auxiliary engine.
To gain advantages and offset disadvantages
of the different types of control, combinations Auxiliary Power Supply Unit
are used, such as pneumatic-electric, hydraulicelectric, hydraulic-mechanical, or others.
The components of the auxiliary power supply
may
be packaged as a unit. The unit includes a
ENERGY SOURCES
separate and special generator, usually of the
turbine variety, used for the production
Missiles contain aue.liPxy power supply gason-board
power. It can be either a solid
(APS) systems in addition to the main engine of
propellant
or
a liquid propellant hot gas genrequired for thrust. The APS systems pro- erator that is duct-conneded
to a turbine which
vide a source of power for the many devices in turn is connected by
a
shaft
to an electric
required for successful missile flight. Some of
generator. The turbine is an energy conversion
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has an air-driven hydraulic pump assembly
through the diffuser
energy. The Terrier BT-3 missile, for ex- which uses air taken in
The
power system conample, has two hot-gas generators, each with in the missile nose.
rsureft, and the airsists
of
an
accumulator,
its package of solid propellant. The hot-gas
driven
hydraulic
pump.
exhaust from one generator is fed to the misunit, converting potential energy to kinetic

sile's turbohydraulic system and the other goes

Descriptions of solid-propellant and liquid-

provide a significant saving in space and weight
over the compressed air system formerly used
in the Terrier missile. They are placed in the
aft section, near the tail, which is controlled

sent any spacific auxiliary power supply
now in use.
The propellant chamber or combustor con-

to the turboelectric system. The Tartar mis- propellant hot-gad auxiliary systems follow.
sile has similar hot-gas generator systems to
A BASIC SOLID PROPELLANT SYSTEM is
power the hydraulic and the electric compodiagrammed
in figure 5-3. It does not reprenents of the missile. These hot-gas generators
system

by the hydraulic system. All-electric systems
are planned to replace hot-gas generators.
Other power supply units, usually with a
battery source, are assembled as "package
units" that can be easily installed or removed

from the missile. The Tartar missile, for
example, has five "wheels" in its electronic

section, each with its own power supply, so if
there is failure in one "wheel" it does not
affect the operation of the others and the defective one can be replaced without disturbing
the others.
These internal power supplies are not used
until after the missile is in flight. As long as
the missile is on the launcher, power is supplied
from the ship's (or aircraft) power. (Talos uses
some of its internal battery power momentarily
before warmup power is applied on the launcher.)
Not all missiles use hot-gas generators to
provide auxiliary power. The Taloa missile

tains the propellant chargea ballistite or re-

lated type of powder grainand a black-powder
igniter and squib, in a propellant train sequence.
After the squib is ignited (usually just before
launch) the propellant burns and evolves hot gas
to build up pressure in the chamber. The pressure is regulated by a regulating valve, which
admits .11r to a gas turbine (either multiple- or
single- stage). The turbine is geared to a hydraulic pump and pressure regulator andtoan alternator. In the system diagrammed, hydraulic
fluid output goes direct to tne hydraulic servos
and other hydraulic system units, and is then
recirculated back to the pumps. Alternator
output goes direct to those units that requires
a-c, and through a rectifier and voltage regu-

lator to furnish regulated d-c. A flyball governor On principle similar to those on old-

fashioned stationary reciprocating steam
engines) may be used to govern alternator speed
1.o regulate a-c frequency and voltage. In one
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Figure 5-3.Typical solid-propellant auxiliary power supply.
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design, a separate turbine-driven rotor generates a current which is fed back to an in-

duction brake to regulate turbine speed.
In other designs, there is no hydraulic
pump; instead, the turbine exhaust charges an

accumulator to develop hydraulic pressure.
If the system uses pneumatic actuators, combustor exhaust may be led direct to the actuator control valves.
Both Terrier and Tartar hot-gas auxiliary
systems use a single stage, axial flow impulse
type turbine of the type shown in figure 5-4A.
In this turbine, the gases expelled through the
nozzles are not reversed in direction, but make
only one pass through the turbine blades. In a

(Other chemical changers take place, too, but this
is the main power-producing reaction.) The heat
energy produced in .this process is as much as
can be used efficiently in small turbines; hence
there is no need to burn the free oxygen produced
by the decomposition of the peroxide. The turbine

NOZZLE NO2

NOZZLE NO.1

Terry turbine (fig. 5-4B), the products of
combustion are led through a gas manifold

ring and pass through the nozzles. The gases
then impinge at high velocity on the semicircular recesses (buckets) milled into the
periphery of the wheel. In passing through
the buckets the direction of flow is reversed
180 degrees. The gases are then caught by a
semicircular reversing chamber in the casing,

where they are again reversed 180°and returned
to the wheel. The process is repeated five times
through a 90° are of the turbine housing, after
which the gases are exhausted. Reversing the hot

gases several times gives a multiple-stage
effect, thereby using more of the potential energy
in the gases.
The electrical, mechanical, and hydraulic

components discussed here may, of course,
be used equally well with liquid-fueled gas
turbines.

A BASIC LIQUID PROPELLANT SYSTEM is

shown in figure 5-5. High-pressure inert gas
flows from the gas flask through the arming
valve and the pressure reducer valve. The
arming valve is tripped just before launch.
The gas flows into and inflates the fuel tank
bladder. The fuel tank (fig. 5-6) consists of a
metal tank with a plastic bladder inside it. The
fuel (in this case concentrated 11202hydrogen

peroxide) is stored in a metal tank. As the
pressurized gas fills the bag at a regulated rate
the fuel is forced out of the tank at a corres-

4th
REVERSAL

3rd
REVERSAL

2nd
REVERSAL

1st
REVERSAL

I

ponding rate. A check valve prevents a return
fuel flow and transmission of pressure waves

from the decomposition chamber to the fuel tank.
The throttle valve regulates fuel flow to the
decomposition catalyst tank. When the fuel
comes into contact with the decomposition
atalyet (NaMnO4 sodium permanganate) it
breaks down into free oxygen. (02) and steam.

33.45:.46

Figure 5-4.Turbines used in auxiliary power
supply (APS): A. Impulse turbine; B. Terry
turbine.
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less common types because of their lower weight
per unit energy storage, longer shelf life, better
voltage characteristics; greater sturdiness, and
resistance to extremes of temperature. The
types used are silver-zinc, nickel-cadmium
(so-called "Edison" type), and mercury. The

first two are technically secondary or storage
cells that can be recharged, while the last is
a primary type that cannot be easily recharged.
However, in the necessarily narrow vocabulary
of missile and space specialists, any chemical
battery is considered a primary type if it is
intended to be used once only, regardless of
its nominal rechargeability.
The silver-zinc battery, which required the

ENE PRESSURIZED GAS
raras LIQUID FUEL

'MM. STEAM

TURBINE

C*C43.41"11°4
CATALYST
TANK

THROTTLE CHECK
VALVE
VALVE

addition of the electrolyte (potassium hydroxide
solution) at the time the power was needed, has
Figure 5-5.Basic liquid-propellant auxiliary been largely replaced by a nickel-cadmium
battery which can be recharged. The need for
power supply.
144.28

a viable battery in the missile has motivated

much research, and decided improvements have
in a missile will
drives a hydraulic pump and electrical genera- resulted. While the batteriesmissile
is fired,
be
used
only
once,
when
the
unit.
tors much as in the solid propellant
missile
a long
the
Because the shaft speed of the turbine is so they may be in position in
Long.
storage
life
and
before this event.
very high it is necessary to use a set of reduc- time
qualities.
rechargeability
are
two
important
tion gears between the turbine and the alternaThe newer type nickel-cadmium batteries have
tor and the hydraulic pump.
life is good for
AUXILIARY SYSTEMS USING OTHER both of these. While their shelf
POWER SOURCES.One Navy missile used the several years, to be absolutely sure of full
main engine's propellant to drive an auxiliary
power unit. This was Corvus, now obsolete,
GAS INLET
in which a small gas turbine was used to drive

the engine's fuel and oxidizer pumps. The
auxiliary power supply of the Regulus was

driven by the main engine (turbojet) of the missile. In Taloa, an air-driven turbine drives the
hydraulic pump which pressurizes the hydraulic
fluid use.. to operate the external control surfaces. During the boost phase, accumulators of
high-pressure nitrogen supply the pressure to
the hydraulic fluid.
ACCUMULATORS are used for storing highpressure inert gas (such as nitrogen) in some
missiles. This arrangement is one of the two
types of static power units to be found in Navy
missiles. The arrangement for fuel feed described above for liquid propellant auxiliary
power supplies JO one typical method of using

such an energy storage unit. Another is to

valve the gal directly WO pneumatic cylinders
to operate aerodynamic control surfaces.

CHEMICAL BATTERIES utilise diemicarre-

actions to develop cl-c voltages. Common dry
cells and lead.acid storage batteries are faniiltar to every one. Means power supplies rely on

144.29

Figure 5-6.Fuel tank in liquid-propellant
awillary 'power system.
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battery power, the battery is removed from each
missile every 30 days and is completely recharged. In this way, there is always a fresh
battery in the missile. These batteries can be
recharged 200 to 300 times.

In some missiles, mercury batteries are
used instead of the old type dry cell batteries
where a small voltage is desired.
Another type of battery which is inert until
activated is one in which the electrolyte is In
solid form until shortly before the missile is to
be launched. Thebattery will not develop an output voltage unless the electrolyte is in liquid
form. In this arrangement, a detonating voltage
is transmitted to a squib in the battery just before launch. The squib ignites a chemical heating

mixture; this causes the electrolyte to liquefy
and the battery is energized.
This type is called a thermal battery because it requires heat to cause it to activate.
Its storage life is indefinite, either in or out of
the missile. Another advantage is that it does
not have caustic or acid electrolyte that can
spill out and be a hazard.
The fuel cell is a type of chemical battery

Nuclear power cells similar to those developed experimentally by the Atomic Energy Commission's SNAP program might also be used in
missiles, although at present this seems unlikely
because of the anticipated high cost of such units

and because their principal characteristics do
not seem to meet the requirements of missile
systems. Specifically, nuclear cells characteristically can produce a fairly constant current
over a period of years, but intheir present state
of development require substantial shielding.
Satellites require a reliable power supply over a
prolonged period, but missiles do not, and the
penalty of either radioactive hazard or heavy
shielding seems like an unnecessary one to pay
so far as missiles are concerned.
In use, batteries eitIr feed d-c directly to
electronic and electrical units that require it, or
drive alternators to furnish a-c. D-c motordriven hydraulic pumps furnish hydraulic fluid
under pressure. (A battery can also drive a
vibrator-type a-c supply.)
REQUIREMENTS OF A MISSILE-CONTROL
SERVOSYSTEM

unlike primary and storage batteries of the kind
discussed above. In fuel cells, electric current
We mentioned before that the missile control
is produced directly from oxidation of a fuel, or
from a similar chemical reaction. The reaction system is a servomechanism. In performing its
is speeded by a catalyst; platinum is used at function, a servomechanism takes an order and
present, but search is continuing for a cheaper carries it out. In carrying out the order, it
catalyst. So far no fuel cell has been developed determines the type and amount of difference
to a point where it his been adopted for use in a between what should be done and what is being
Navy missile, but it is likely that some such done. Having determined this difference, the
development will come in the relatively near fu- servomechanism then goes ahead to change
ture. Successful experimental fuel cells have what is being done to what should be done. In
been produced which use hydrazine fuel with order to perform these functions, a servooxygen as the oxidizer. A hydrogen-oxygen cell mechanism must be able to:
is specified for the two-man Gemini flights.
Fuel cells will also be used for the Apollo moon
1. Accept an order which defines the result
flights.
desired.
OTHER TYPES OF BATTERIES.At least in
2. Evaluate the existing conditions.
theory, batteries of types other than chemical
3. Compare the desired result with the
can be used in guided missiles for auxiliary existing
obtaining a difference bepower supply. At the present writing, solar cells tween theconditions,
two.
have been used successfully to power satellite
Issue an order based on the difference so
sensors and data transmitters, but so far they es to4.change
the existing conditions to the desirhave not been employed in guided missiles.
ed
result.
A solar battery converts the energy of
5. Carry out the order.
light into electric energy. The most common
For a servomechanism to meet the requiresolar cell is a silicon photovoltaic celif selen- ments
just stated, it must be made up of two
ium cells are also used. Temperature' has a systemsan
error detecting system and a conconsiderable effect on the output. Contrary to trolling system.
The load, which is actually
the usual effect, the output goes up as the temp- the
output of the servo, can be considered part
erature decreases.
of the controller.
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delivered
By means of servosystems, some property of compared with the quantity of energy
to
the
load.
desired
condition.
a load is made to conform to a
The property under control is usually the position, the rate of rotation, or the acceleration OPEN- AND CLOSED-LOOP
of the load. The system may be composed SERVOSYSTEMS
of electrical, mechanical, hydraulic, pneumatic,
In the examples given above, the power source
or thermal units, or of various combinations of
is
controlled
directly by manual adjustment of a
be
any
one
of
these units. The load device may
or of a rheostat. In more complicated
an unlimited variety; a missile control surface, switch
servosystems,
control signals are applied to
the output shaft of an electric motor, and a the power device
by the action of an electrical
typical
exradar tracking antenna are a few
rather than by manual
or
a
mechanical
device
amples.
means.
DISCONTINUOUS AND CONTINUOUS
Automatic servosystenls can be divided into
CONTROL
two basic types: open-loop and closed-loop
are
The simplest formaof control can be illus- systems. The essential features of each5-8.
indicated
by
the
block
diagrams
in
figure
in
figure
trated by the elementary circuit shown
In both systems, an input signal must be
5-7A. The circuit contains a source of power,
applied
which represents in some way the dea switch, or controlling device; and an un- sired condition
of the load.
specified load. The elements are connected in
In
the
open-loop
system shown in figure 5-8
series. When the switch is closed, energy flows
A,
the
input
signal
is applied to a controller.
when
the
to the load and performs useful work;
The
controller
positions
the load in accordance
disswitch is opened, the energy source is
The
characteristic
property of
with
the
input.
Thus,
the
flow
of
connected from the load.

energy is either zero or a finite value determined by the resistance of the circuit.
Operation of this general type is called DISCONTINUOUS CONTROL.

In figure 5-7B, the circuit is modified by
substitution of a rheostat for the switch; and
the circuit now provides CONTINUOUS CONTROL.

By displacing the rheostat contact,

the circuit resistance is varied continuously over
a limited range of values. The energy expended
in the load is then varied over a corresponding

open-loop operation is that the action of the

controller is entirely independent of the output.

The operation of the closed-loop system
(fig. 5-8B) involves the use of followup. The
output as well as the input determines the
action of the controller. The system contains
the open-loop components plus two elements

which are added to provide the followupfunction.
The output position is measured and a followup
signal proportional to the output is fed back for

range rather than by intermittent, or on-off

action as in discontinuous control. Both these
simple examples represent a fundamental property of Control systems in general: the energy required to control the system is small
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Figure 5-7.--Elementary control circuit:
A. Discontinuous control; B. Continuous control.
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Figure 5 -8. Basic types of automatic servosystems: A. Open-loop; B. Closed-loop.
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comparison with the input value. The resultant
is a signal which is proportional to the difference between input and output. Thus, the system
operation is dependent on input and output rather
than on input alone.
Of the two basic types, closed-loop control
(also called followup control) is by far the more
widely used, particularly in applications where

speed and precision of control are required.
The superior accuracy of the closed-loop system results from the followup function which is
not present in open-loop systems. The closedloop device goes into operation automatically
to correct any discrepancy between the desired
output and the actual load position, responding
to random disturbances of the load as well
as to changes in the input signal.

to position the movable control surfaces in accordance with this attitude information. It is
very important that you understand that the
control surfaces are not positioned on the basis
of attitude information alone. It is again pointed
out that movement information, guidance signals, and control surface position information are continuously analyzed in the computer
network. The correction signals are continuously generated on the basis of all this information.
OVERALL OPERATION

Before studying the individual components

of the missile control 'system, let us take a
brief look at the operation of the system as a
whole. Figure 5-9 shows the basic missile
CONTROLLABLE FACTORS
control system in block diagram form. You
notice that the system is shown in conThe missile control system is actually a will
siderably
more detail than that in figure 5-1.
closed-loop servomechanism in itself. It is Free gyroscopes provide physical (spatial)
refable to detect roll, pitch, and yaw, and it is able erences from which missile attitude
can be

SENSOR

FREE GYRO
MGNALS

SUMMATION
AND

AMPLIFIER

COMPUTER

ROLL, PITCH.

ERROR
SIGNALS

NETWORK

IM SUL E

CONTROLLER

YAW

GYROSCOPES

FOLLOWUP SIGNALS

L

EXTERNAL OCILLOWUP

-4

FOLLOWUP
MICHANISM

MISSILE AnTulia

CONTROL
SURFACE

OR JET
Ocomou

imal

Figure 5-9.Basic missile control system.
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For any particular missile attitude, free gyro signals are sent from the
gyroscopes to the computer network of the
missile.
These signals are proportional to the amount
of roll, pitch, and yaw at any given instant.
After these signals have been compared with
determined.

direction system and the fire control systems
and their related components comprise the
weapons control system. These shipboard
equipments control all weapons aboard, including guns, missiles, and torpedoes. The missile control systems are in the missile, and
may receive direction from shipboard equip-

other information (for example, guidance sig- ment..
nals), correction signals result. The correction
signals are orders to the controller to position

REFERENCE DEVICES

the control surfaces. The purpose of the
In order to determine errors accurately,
amplifier is to build the weak correction sigcomplete control system must have refernals up to sufficient strength to cause actua- the
ence
values built in. The system is then caption of the controller. As in any closedthe change

of sensing a change, comparing
loop servosystem, followup information plays able
to
a
reference,
determining the difference, then
an important role. A followup mechanism con- starting a process
that will reduce the differtinuously measures the positions of the control
to zero.
surfaces and relays signals back to the com- enceThe
reference units in a missile control
puter network.
system are of three kindsvoltage references,
time references, and physical references.
External Followup

In addition to the internal followup which PURPOSE AND FUNCTION
is actually measured by a mechanism, we can
reference device (comparison device,
think of the missile's movement detecting de- fig.The
5-8)
provides a signal for comparison with
vices as providing an external followup feature.
sensor signal, so that equipment in the missile
The fact that the gyroscopes continuously de- awill
"know" when the missile has deviated from
tect changing missile attitude introduces the idea
desired attitude. The reference section is
of external followup. This is represented by the
connected
to the computer section. If the
the dotted line in figure 5-9.
reference section were omitted from the control section, the computer would be unable to
COMPONENTS OF MISSILE CONTROL
compute error signals.
SYSTEMS
Figures 5-1 and 5-9 have named parts of a TYPES OF REFERENCE
missile control system and some of the comThe three types of reference signals will be
ponents have been discussed. The components described
separately to show how each type funcmay be grouped according to their functions. tions in the complete control system.
They cannot be strictly compartmentalized as
they must work together and there is overlapping.

Voltage

with the weapons control system. The weapons

zero.

Devices for detecting missile movement may
In some control systems, the ERROR SIGbe called error-sensing devices. The amount NALS
in the form of an a-c voltage which
and direction of error must be measured by a containsarethe
two characteristics necessary to
fixed standard; reference devices provide the
proper corrections in the flight path.
signal for comparison. Correction-computing make
These
are the amount of deviation, and the
devices compute the amount and direction of
of sense of the deviation.
correction needed and correction devices carry direction
The
amount
of deviation may be indicated by
deviation.
Power
out the orders to correct any
the
amplitude
of the error signal so that, as
output devices amplify the error signal, but the
increases;
prime purpose is to build up a small computer the deviation increases, the amplitude
the
amplitude
and
if
the
deviation
decreases,
output signal to a value great enough to operateA
Therefore, when the missile attitude
the controls. The use of feedback loops pro- decreases.
has been corrected and there is no longer a
vides for smooth operation of thecontrols.
amplitude drops to
Do not confuse the missile control system deviation, the error signal
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The direction of deviation may be carried
by the a-c signal as a phase difference with
respect to the phase of a reference signal.
Only two phases are required to show direction of deviation about any one control axis.

The use of timers in guidance systems is described in the chapters on the different types

of guidance.

MECHANICAL TIMERS.The mechanical
timers used in guided missiles are generally of
the clock type, and are very similar in operation
to a mechanical alarm clock. The ordinary alarm
clock can be set for a time delay up to twelve
hours. The timers used in guided missiles can
usually be set only for time durations in seconds
or minutes. As with the alarm clock, the mechanical timer in a missile receives its power
from a compressed spring. Since the timers
used in missiles are not normally started until
the missile is in flight, it is necessary to provide
some type of triggering mechanism to initiate
the timing operation. Usually the mechanism
consists of a linkage which is actuated by energizing a solenoid.
It is also possible to trigger timers by the
use of other timers. For example, a 5-minute

When a phase-sensitive circuit, such as a discriminator, is used to compare the error
signal with the a- c referente signal, the direction
of error is established and the output containing this information is fed to other control
sections.
In most cases, the a-c reference voltage is
the a-c power supply for the control system. It

also furnishes the excitation voltage for the
sensor unit that originates the error signal.
The controller unit (fig. 5-1) usually requires a d-c signal, which must include the
information contained in the original error
signal. The amplitude of the d-c signal shows

the amount of deviation. The direction of deviation is indicated by the polarity of the d-c

signal. To keep the d-c signal from becoming timer could trigger a 1- or 2-minute timer.
so large that it would cause overcontrol, a
ELECTRICAL TIMERS.Two types of eleclimiter circuit is used. Limiters require a trical
are commonly used in guided misd-c reference voltage, and function as a part siles. timers
These
are motor timers and thermal
of the reference unit.
timers. In either type, the triggering is done by
an electrical signal, and the time interval begins
when the trigger voltage is applied.
MOTOR TIMERS.Figure 5-10 illustrates
the principle of the motor timer. A voltage is
applied to the motor to cause it to rotate. The
speed of the output shaft is reduced by a reduction gear calibrated in accordance with the
amount of time delay required. The switch will
be opened or closed by the output shaft, depending on the particular function under control. The
output current could be applied to a gyro torquer
or a throttle valve. By the addition of several
items, the timer may be made to recycle itself
as shown in figure 5-11. The automatic clutch
in the figure releases the actuating arm when
the arm makes contact with the microswitch.
The spring returns the arm to its initial position and the cycle is repeated. Another method
of releasing the clutch uses mechanical means.
In this type, a linkage between the actuating

Time

The use of time as a reference is familiar
to everyone. One common application is in the
automatic home washer. A clock-type motor
drives a shaft, which turns discs that operate
electric contacts. These contacts close control
circuits that operate hot- and cold-water valves,

start and stop the water pump, change the
washer speed, spin the clothes dry, and finally
shut off the power. Each operation ma for a
specified time interval. This kind of timer can
be used for certain missile control operations.
A timer may be used to start a variety of control functions. Sometimes a timer is used
strictly as a safety device.
Timer control units vary considerably in
physical characteristics and operations. All of
them require an initial, or triggering, pulse.
Since all timers in a complete systeni are not
triggered at the same time, each must have fts
own trigger. This is usually an eledtrfcal
signal. It may be fed to a sdf0nold which
mechanically triggers the timing device. .
Mechanical, electrical, and pneumatic tinier.

arm and the clutch would perform the same

function as the electrical release signal.
The length of time required for the actuating
arm to travel from the starting position to the
point where contact is made is the delay time of

the unit.

THERMAL TIMERS.Another

are used in missiles. The principles are ap- method involves the application of an triggering
plicable to most variations you will run across. signal to a heater coil which heats aelectrical
bimetal
00
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Figure 5-10.Principle of the motor timer.
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Figure 5-11.Motor timer with automatic recycling feature.

strip and causes it to bend, thus opening or

closing electrical contacts. This method maybe
more familiar when you contemplate the operation of a typical thermostat like the one found in
the home.
Thermal delay tubes and thermal relays have

been used extensively to perform time delay

functions. These timers have a great advantage
over the electrical timers in the ease with latch
they recycle themselves; however, they are not
as accurate as the electrical timers. Figure
5-12 shows a thermal delay tube. Rs compo-

nents are bimetallic strips, a heating coil,
and a set of contacbs.

When a triggering voltage is applied, the

heating coil heats ONE of the bithetallic strips.
As the temperature rises, the strip deforms and

its contact moves toward the °titer contact.

When the bimetal strip has heated sofficientlyt

the contacts touch and the output circuit is

completed, causing the preset function tooceur.
11** amount cot time between application at
the triggering voltage and closing of the coo.

tacts is determined by the contact spacing, the
temperature characteristics of the metals in
the strips, and the characteristics of the heater
coil. The delay time is preset by the manufacturer; the assembly is then placed in a tubetype enclosure, and the air is pumped out of
the tale. This type of construction (electron
tube) prevents any adjustment of the time delay.
PNEUMATIC TIMERS. Pneumatic timers
operate on the basis of the time required for a
quantity of compressed air to escape through a
needle valve. The opening in the needle valve
can be adjusted (time adjustment,Ng. 5-13). The
smaller the orifice, the longer it will take the
piston to come down far enough to close the
contacts.
There are two general types of pneumatic
timers-piston and diaphragm.

..PISTON TYPE TIMERS. Figure 5-13A

dims the operation of a piston type pneumatic
timer. This type of timer is often employed
iminediately on loatching a missile. The sudden
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CONTACT
POINTS
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classifications we have discussed. The remaining types have been grouped under theheading of
physical references. They include gyros,
pendulums, magnetic devices, and the missile
airframes. They may be compared to bench
marks, or fixed positions from which measurements can be made.
GYROS.Although gyros are physical ref-

erences, they are discussed under the heading

of sensors. The gyro rotor in itself cannot
determine missile attitude information. Pickoffs must be used in conjunction with gyros to
determine missile attitude information. The
gyro pickoff system can sense any change in

missile attitude with respect to the gyro.
Pendulum

OUTPUT
CIRCUIT

Figure 5-12.Thermal delay tube.
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acceleration of the missile at launch causes the
inertia block to move in the direction indicated.
This releases the catch, and the timer is then in
operation. Compressed air under the felt
washer is permitted to escape throughthe preset
opening of the needle valve. As the plunger
moves down, due to the decreasing air pressure
and the force of the spring, the contacts come
closer together. After the proper time delay,
the contacts will meet and the output circuit will
be energised, causing actuation of some mechanism in the missile.
DIAPHRAGM TIMERS.Another type of
pneumatic timer is the diaphragm timer shown
in figure 5-19B. The same principle is involved

The pendulum may be used to establish a
Any object within the earth's gravitational pull
is attracted directly toward the center of the
earth. If a weight is suspended on a string,
the weight will come to rest in such a way as
to cause the string to represent the direction
of the true local vertical. This principle finds

vertical reference line in a guided missile.

a common application in the carpenter's plumb-

bob.

Some gyros are precessed to a vertical

position by a pendulum device called a "pendulous pickoff and erection system." The com-

plete gyro system is called a vertical gyro;

it may -be used to measure the pitch and roll of

a missile.

MAGNETIC DEVICES.Magnetic compasses

diaphragm is stretched so that air is permitted to enter the inlets. When the solenoid

have been used for centuries to navigate the
seas. The compass enables a navigator to use
the lines of flux of the earth's magnetic field
as a reference. A similar device, known as a
"flux valve" is used Ai some missile control
systems. Its primary purpose is to keep a
directional gyro aligned with a given magnetic
heading. The directional gyro can then be used

then be forced to escape at a preset rate

A bar magnet will attempt to align itself
in accordance with the direction of the earth's
magnetic field. When the bar is aligned in a

with this timer as with the piston type. Prior
to being put into operation, the solenoid is
energized, thus holding the core and spring
in the position shown. At this time, the leather

is deenergized, the spring will force the piston
upward, closing the air inlets. The air will

through the needle valve. As with the piston
type timer, a function in the missile will be
actuated when sOfficient air escapes to allow
the contacts to meet,
A
Physical References
There are a number of references for missile
control systems other than the voltage and time

to control the yaw of a missile.

north-south direction, it may be used as a
reference to determine bearings around it.
MISSILE AIRFRAME.The airframe of the
missile must be used for certain references.
For . example, the movement of flight control
surfaces cannot be referenced to the vertical,
or to a given heading, because such references
change as the missile axes change. Therefore,
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Figure 6-130Pneumatic timers: A. Pisbin type pneumatic timer; B. Diaphragm timer.
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movement of flight surfaces are referenced to the

The basic difference between the free gyro

missile airframe.

and the rate gyro is in the way they are
Synchro indicators can be used to indicate mounted. Figure 5-14B shows
a simplified view

the angular position of control surface with of a roll rate gyro. Notice that the rotor is
respect to the missile airframe. A potentiom- mounted in single gimbals rather
eter can be used in the same way by mounting sets of gimbals which supported thethan the two
free gyro.
it on the missile airframe so that its shaft This arrangement restricts the
freedom
will be driven by the flight control surface gyro' rotor. When the missile rolls, theof the
gyro
movements.
mounting turns about the roll axis (arrow A),
carrying the gyro rotor with it. This causes
SENSOR UNITS
a force of precession at a right angle to the
roll axis, which causes the rotor to turn about
GENERAL
the pitch axis (arrow B).
Restraining springs may be attached to the
gimbals as shown. The force on the springs

The sensor unit in a guided missile control

system is a device used to detect deviation

1

from the desired attitude. In this section, we
will discuss the use of gyroscopes, altimeters,
and transducers as sensing units. Gyroscopes
are generally considered to be the basic sensor unit in any missile control system. Other
types of sensors, such as altimeters and transducers, are classed as secondary units.
As mentioned above, the gyro itself is a

AXIS Z
GYRO FRAME

SPIN AXIS

physical reference unit; thepickoff is the sensor.

AXIS Y

GYROS

One of the most important components of
the missile control system is the gyroscope, or
gyro. A gyroscope contains an accurately
balanced rotor that spins on a central axis.
Gyros used for missile control applications
are divided into classes: gyros used for stabialzing (control) purposes and gyros used for
both guidance and stabilization. If turns or
other maneuvers are necessary, a third gyro
is required no that there will be one gyro for

GIMBALS

ROTOR

A
Yaw AXIS

NOSE

GMT
each sensing axis.
A minimum of two gyros is necessary for
missile right stabilization. Each gyro sets up a
fixed reference line from which deviations in
missile pitch, roll, and yaw are detected and
measured.
These vertical and horizontal gyros are free
gyros, that is, each is mounted in two or more
gimbal rings (fig. 5-14A) so that its spinsuds is
free to maintain a fixed orientation in space.
In addition to the control signals from the
vertical and horizontal gyros, which are proportional to the deviation of the missile
the desired attitude, a signal that is
to the rate of deviation is required for accurate
33.63:.71
control and Smooth operation. A RATE GYRO Figtwe 5-14.Gyroscopes used in missiles:
(fig. 5-141B) tarnishes the rate ofdeviation signal.
A. Free gyroscope; B. Roll rate gyroscope.
-
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would then be proportional to angular acceleration about the roll axis.
Three Tate gyros are normally installed in

a missile to measure the accelerations about

the three mutually perpendicular missile axes.
When the input is torque and the output is precession, the gyro is called an integrating gyro.
The restraining force is viscous damping instead of a spring restraint. It may be a hermetically sealed integrating gyro (RiG). Like a
rate gyro, it has only a single degree of freedom.
The restraining force is proportional to the gyro
precession rate instead of displacement.

Basic Properties of Gyros
Gyroscopes have two properties which make

them useful in serving as space references in
guided missiles:

1. The gyro rotor tends to remain in a

fixed plane in space if no force is applied to it.
2. The gyro rotor has a tendency to turn at

a right angle to the direction of an outside

force applied to it.
INERTIA.The idea of maintaining a fixed
plane in space is easy to show. When any object

PRECESSION

APPLIED
PORCE

POINT X .

00,
PRECESSION t

TORQUE
CAUSED
SY WEIGHT

is spinning rapidly it tends to keep its axis

pointed in the same direction. A toy top is a good

example. As long as it is spinning fast, it stays
balanced on its point. It resists the tendency of
gravity to change the direction of its spin axis.
The resistance of the gyro against any force
which tends to displace the rotor from its plane

SPIN

'WEIGHT

33.64:.65

Figure 5-15.Gyroscopic precession: A. Apof rotation is called rigidity in space. It may plication of force; B. Direction of precession.
also be called gyroscopic inertia.
PRECESSION. The second property of the
gyro is that its spin axis has a tendency to turn
at a right angle to the direction of a force applied
to it (fig. 5-15A). This characteristic of a gyro
is the cause of precession. There are two types
of gyro precession: REAL and APPARENT.
Real precession is sometimes called INDUCED
PRECESSION.

DIRECTION OF GYROSCOPIC PRECES-

SION.. -When a downward force is applied at
point A, the force is transferred through pivot
B (fig. 5-15A). This force travels 90 and
causes downward movement at C. This move-

ment at a right angle to the direction of the

applied force is called PRECESSION. The force

associated with this movement (also at right
angles to the direction of the applied force) ill
called the FORCE OF PRECESSION.

Figure 5-15B illustrates the direction of

precession caused by the application of a force

tending to turn the rotor out of its plane of

rotation. In the figure, a weight is attached to

the spin axis. This is in effect the same as

applying a force at pointX. The resulting torque
tends to turn the rotor around axis CD. But due
to the property of precession, the applied force
will be transferred 90° in the direction of rotor

spin, causing the rotor to precess around axis
AB. Thus, it may be seen that precession tends
to rotate the spin axis toward the torque axis.
This type of precession is called REAL precession.
A force applied to a gyro at its center of
gravity does not tend to tilt the spin axis from
its established position, and therefore does not
cause precession. A spinning gyro canbe moved
4n any direction without precession, if its axis
can remain parallel to its original position in
space. Therefore, the gyro can measure only
those movements of the missile that tend to tilt
or turn the gyro axis.
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APPARENT PRECESSION.A spinning gyro
on the earth's surface will appear totilt (or precess). with the passage of time. Actually, the
spin axis does not tilt with relation to space;

rotor speeds. Rotor and gimbal bearing friction
is actually the main cause of gyro drift. The
problem of improved gyro stability has been
with a view toward reducing this
the apparent precession is due to the earth's approached
friction.
rotation. Figure 5-16 shows the gyro at the
The main cause of random drift in gyros is
equator with its spin axis horizontal at time friction
gimbal bearings. Energy is lost
0000. The earth is rotating in the direction of wheneverinathe
gimbal
rotates. The larger the mass
the arrow and is making one revolution in 24 of the gimbal, the greater
the drift from this
hours. An observer in space would see that the source.
spin axis always points to the same position in
space while the earth rotates. But to an ob- Erection Systems
server on earth, the spin axis appears to tilt
45° every 3 hours. This is called APPARENT
Some missiles are provided with compenPRECESSION.
sating
to keep the gyros in their
In some missiles, apparent gyro precession, propermechanisms
reference
frames.
mechanisms
sometimes called apparent gyro rotation, ad- are a vertical gyro erectionThese
versely affects flights of long duration, unless zontal gyro slaving systems. system, and horisome kind of compensation is used to keep the
GYRO ERECTION.A vertical
gyro in a fixed relation to the earth's surface. gyroVERTICAL
erection
system
consists of a precession
The compensating mechanisms are gyro erection sensor, the gyro, an amplifier,
and a torque
and slaving circuits.
motor.
This
system
represents
one
of the many
UNWANTED GYRO PRECESSION (DRIFT).
secondary
servoloops
within
a
guided
missile.
Once the gyros are spinning in their proper The precession sensor detects
the
deviation
of
planes, they theoretically should remain in their the gyro rotor from its
proper
plane
of
rotation.
same relationships with space. Unfortunately The resultant electrical
signal is amplified and
there are certain imperfections in the gyro- then
used
to
drive
a
torque
motor which prescopes which result in a drift away from the ceases the gyro back to its
proper plane.
original planes of rotation. For example,
The
precession
sensor
may
consist
of one
even the slightest imperfection in the gyro rotor of the pickoffs described in
this
chapter.
The
will cause some unwanted precession at high varying output of the pickoff will
be determined
by the movement of a pendulous weight suspended
in the gyro housing. The movement of the weight

in seeking the local vertical results in corresponding signals which would cause the gyro ro-

tor to retain its proper plane of rotation.

HORIZONTAL GYRO SLAVING SYSTEMS.

In some missiles, horizontal gyro slaving systems are used to keep the horizontal gyro rotor
aligned with a specific magnetic heading for a
portion, or for the duration of a missile flight.
This may be accomplished by the use of a flux
valvea unit that senses the earth's magnetic
field. The flux valve consists of an exciting coil
and three pickoff coils wound on a metal core.
The application of flux valves in guidance systems is discussed in the next chapter.
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Improvements in Gyros

1260

Figure 5-17 shows two types of improved
gyros.
27.132

Figure 5-16.Apparent gyroscopic precession.

.
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FLOATED GYRO UNIT.A floated gyro unit
(fig. 5-17A) is an example of the progress that
bat been made in the development of more
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accurate gyros. In this gyro, the gyrohousing is
floated in a viscous damping fluid. Because of
the floating action, gimbal bearing friction is
greatly reduced. Thermostatically controlled
heaters may be included in the unit to maintain
the damping fluid at proper viscosity. Another
type of gyro uses a nonviscous fluid. It is known
as a position-integrating gyro. It is used extensively to control stable platforms.
AIR BEARING GYROS.An air bearing gyro
is another example of a friction reducing device.
The gimbal bearing shown In figure 5-17B is
mounted in such a way that a cushion of compressed air continuously flows around the bearing surfaces. Bearings using compressed air as
a lubricant are precision-machined so that the
clearance at the bearing surface is only about
.002 inch. When the air is flowing around the

axis bearings, thus riinimizirg friction at these
points. Gases other than air may also be used
for this purpose.
Use of Gyros in Missiles

While gyros have numerous applications in
many types of equipment, machinery, etc., we
will consider only their use in missiles.
FREE GYROS IN GUIDED MISSILES.To
illustrate how free gyros are used in detecting
missile attitude, let us first refertofigure 5-18.
Suppose that the design attitude of the missile is
horizontal, as shown in figure 5-18A. The gyro
within the missile has its spin axis in the vertical plane, and is mounted in gimbals in such a
manner that a deviation inthe horizontal attitude
of the missile would not physically affect the
In other words, the missile body can roll
bearing surface, friction is practically negli- gyro.
around
the gyro and the gyro will still maintain
gible. Although not shown In figure 5-17B, its same position in space (fig. 5-18B). Note
compressed air may also be ported to the spin

that the missile has rolled approximately 30°,
but the gyro has remained stable in space. If
we could measure the angle between the rotor

and a point on the missile body we would know
exactly how far the missile deviated from the
GINS/ ,L
141.
horizontal attitude. Having determined this,
the control surfaces could then be positioned
to return the missile to the horizontal.
Actually, a minimum of two free gyros is
required to keep track of pitch, roll, and yaw.
The vertical gyro just described can also be used
to detect missile pitch as shown in figure 5SPIN
AXIS
18C. To detect yaw, a second gyro is used with
its spin axis in the horizontal plane and its
DAMPING
rotor in the vertical plane. Yaw will then be
DAMPING
GYRO
FLUID
FLUID
HOUSING
detected as shown in figure 5-18D.
HOUSING
RATE GYROS.The free gyros just described provide a means of measuring the
A
AMOUNT of roll, pitch, and yaw. The free
gyros therefore can be used to develop signals,
which are proportional to the amount of roll,
pitch, and yaw. Due to the momentum of a missile in responding to free gyro signals, large
overcorrections would result unless there were
AIR IN
some means of determining how fast the angular
movement is occurring. For example, suppose
that a correction signal is generated which is
proportional to an error of 10° to the left of the
proper heading. The control surfaces are automatically positioned to bring the missile to the
8
right. The missile responds by coming right.
33.80:.81 But because of its momentum it will pass the
correct heading and introduce an error to the
Figure 5-17.Friction-reducing gyro units:
signals that take
A. Flnated gyro unit; B. Air breathing gyro. right. To provide correction
omen

GYRO
WHEEL

OUTPUT
AXIS

'*.i§fa
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momentum of the missile into account, r ate gyros

_At
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are used. These gyros continuously determine
angular accelerations about the missile axes. By
combining free gyro signals with rate signals
from the rate gyros, the tendencytoovercorrect
is minimized and a better degree of stability is
obtained. The rate gyro actually provides a
refinement or damping effect to the correcting
process. Without rate gyros, a missile would
overcorrect constantly.
A rate gyro (fig. 5-14B) supplies the rate-ofdeviation signal. The rate gyro is free to rotate
about only one axis. A yaw rate gyro is mounted
with its spin axis parallel to the missile line of
flight. A roll rate gyro is mounted so that its
spin axis is parallel to the pitch axis, at right
angles to the line of flight. A pitch rate gyro is
mounted with its spin axis parallel to the yaw
axis of the missile and at right angles to the line
of flight.

4481;ingsweas#

Pickoff Systems

A "pickoff" is a device that receives

1

4

energy
from the sensors and transmits this energy,

either in the same form or in anotherform, to a

point where it is put to practical use. Most of the

pickoffs used in guided missiles are electrical
devices. In addition to transmitting energy
from the sensors, they are alsousedto measure
outputs of physical references, such as gyros. In
this second respect, the pickoffs themselves act
as sensors. The gyro rotor in itself carrot determine missile attitude information. Pickoffs
must be used in conjunction with free and rate
gyros to determine missile attitude information.
The gyros indicate the linear and angular displacement; the pickoff must be able to measure
the amplitude and direction of the displacement

and produce a signal that represents both
quantities.
ALTIMETERS

To ensure that missiles stay within prescribed height limits or perform functions at
specified altitudes, devices called altimeters
may be used. Two basic types of altimeters
- are pressure altimeters and absolute altimeters
33.67-.70 (radar altimeters).
Figure 5-18.Free gyro behavior in missiles:.
A. Missile horisontalgyro stable in space;
B. Missile rollsgyro remains stable; C. Idle- Pressure Altimeters
Bile pitchesgyro remains stable; D. Missile
Pressure altimeters are simply mechanical
yawsgyro remains stable.
aneroid barometers. The aneroid barometer
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consists of a small, bellows-like airtight
chamber from which most of the air has been
removed. Atmospheric pressure (which varies
with altitude) works to collapse the chamber
against spring pressure. As altitude increases,
the compression effect decreases. The slight
motion of the spring is magnified through linkages or detected by pickoffs. The resulting
signals may be used to precess the pitch gyro,
or they may be converted directly into control
surface movement via the missile computer network. Unfortunately, variations in pressure with
altitude are not always exactly constant, thereby
requiring the use of a standard rate of change of
pressure with altitude. This rate is referred to
as the "standard pressure lapse rate." For any
change of pressure, the altimeter is calibrated
so that its output is proportional to the change
of altitude in accordance with the standard
pressure lapse rate.
Altimeter Cell

since both cells change with temperature while
only one changes with pressure.
An altimeter cell measures altitudes ashigh
as 500,000 feet. This wide range gives the cell
an advantage over a mechanical aneroid.
Absolute (Radar) Altimeters

Radar altimeters are used to measure absolute altitudethe distance between the missile

and the terrain beneath it rather than above sea
level. It measures the time required for a radar
pulse to reach the ground, be reflected, and
return. Since the operation does not depend on

atmospheric data, the radar altimeter is free
from some of the disadvantages of the barometric types. One type of radar altimeter is
the continuous-wave (c-w) frequency -mi dulated
(i-n1) altimeter.

In the c-w system, the transmitted microwave signal is varied regularly in frequency in

accordance with a sawtooth modulating voltage.
signal is directed toward the ground wher e a
An altimeter cell also detects changes in The
portion
of it is reflected back to the receiving
altitude and converts this information into an
The echo wave is compared in the
electrical signal. The unit consists of a fila- antenna.
with the instantaneous output frequency
ment of fine platinum wire, heated by an elec- receiver
the transmitter. An interval of time passes
tric current and enclosed in a vented envelope. of
signal is transmitted
The vent is always connected to a static pres- between the moment the

and its arrival by reflection at the receiver.
This time interval is directly proportional to
the altitude of the missile. During this same
time interval, the transmitted frequency has

sure line. When the altitude or static pressure
changes, the rate at which the filament can
release its heat changes, and the temperature
and resistance of the filament also change. This
characteristic is utilized by connecting the

been intentionally varied. By comparing the
transmitted frequency with the echo frefilament as an arm in a 'Wheatstone bridge. new
quency,
adifference frequency or time lag is obUsually two cells are placed in the bridge as tained which
is proportional to the elapsed time
shown in figure 5-19. One cellisvented and one interval and to the altitude of the missile.
sealed in order to compensate for.surrounding
temperature changes. The signal output of the AIRSPEED TRANSDUCERS
bridge is proportional only to pressure changes
Speed measuring devices are used in some
Missiles to cause specified functions to occur
during flight. One of these devices shown in
figure 5-20 is called an airspeed transducer.
Its principle of operation is similar to that of
the aneroid barometer just discussed. A transducer. is. a device which is operated by power
ifrom one source and supplies power to another
'deice, in the same or a different form. In most
missile applications, a transducer is used to
change mechanical motion to an electrical voltage. The ram air pressure' experiezieed by the
33.128 missile in the atmosphere is transmitted to the
bellows and converted- to an electrical signal
Figure 5-19.Altimeter cell.
.
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A-C INPUT

BELLOWS
7;

fral

SIGNAL OUT

33.129

Figtre 5-20.Airspeed transducer.

through a bridge type electrical circuit (fig. 5- which make them useful in
guided missiles.
20) the output signal will vary with the ram air
most common types of electrical pickoffs
pressure which is proportional to missile speed. The
Other types of electrical pickoffs also may be are:
1. Reluctance pickoffs
used to convertbellows movement into electrical
2.
Potentiometer pickoffs
information.
3.
Synchro
pickoffs
Another type of speed measuring device de4.
Capacitance
pickoffs
pends on the transmission and reception of r-f
energy, and is similar in principle to the radar VARIABLE RELUCTANCE
PICKOFFS
altimeter:" A slight shift in frequency of the
transmitted energy provides a bastii (Doppler
Figure 5-21 shows an internally operated
effect) for electronically determining missile
speed. The use of Doppler radar will be dis- variable reluctance pickoff which may be used
cussed in some detail in a later chapter of this with. a- rate gyro. The pickoff consists of an
E-shaped metal block with coils wound around
course.
its ends and a permanent magnet located in the
PICKOFFS

Pickoffs, briefly described in connection
with gyros, are important in the missile control
system because they produce signals from the
intelligence developed by a sensor unit. The
signal mnst be one that is suitable for use in the

control astern. The pickoff must be able to

GYRO ROTOR

BRASS-PILLED

SPIN AXIS

SLOTS

determine the direCtion ofdisplacement and then

produce a Opal that indicates the direction. In
electrical systems the indication may be a phase,
polarity, or Voltage difference .
The ideal pickoff 'should have a considerable change in output for a small movement. of
the pickoff.. It .EhoUld also have minimum

COILS
AIR GAP

LNICO
MAGNET

torque or friction : leas since these losSes

would be reflected to the sensor element and
affect its operation. Small physical dimensions and .light weight are additional require
ments. The hull point (no output) should b
sharply defirked.

CRYSTAL
DIODE

OUTPUT

FILTER
CONDENSERS

OUTPUT

ElectriCal pickOffs' are extremely sensitive

and reflect little torque back to the sensor or
referenCe unit, It ii:prinuirfly,these qualities

Figure 5- 21. Internally operated
reluctance pickoff.

33.72
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When the rotor is in the position shown in
center. The gyro rotor is made of ferrous figure
5-22A, the flux lines from the excitation
metal and has brass strips spaced around its windings
cutting the secondary are equal and
periphery. The permanent magnet causes a
magnetic flux to be established. The spinning
rotor causes regular variations in flux density.
As a result, an a-c voltage component is induced
in the two coils. When there is no precession the
air gaps are equal and the a-c components cancel one another. When the gyro precesses because of an angular acceleration, the air gap is
increased at one end and decreased at the other.
This change in the air gaps causes different voltages to be induced in the two coils. The dif-

180° out of phase. In this condition, no voltage is induced in the secondary windings.
When the gyro precesses because of angular

acceleration, the rotor turns because it is

directly coupled to the gyro gimbal. In figure
5-22B, one end of the rotor is shown displaced
to the left. This displacement of the rotor decreases the reluctance to the magnetic flux in the
left leg and increases the reluctance in the right
leg. This results in more flux lines from the
winding. Thus
ference between the two voltages is proportional left primary cutting the secondary
in
the
secondary
winding.
an
a-c
output
is
induced
to the angular acceleration. After being rectified This voltage is 180° out of phase with the a-c
isthe
rate
and filtered, the resultant d-c Voltage
is prosignal. The output sense (direction of deviation) excitation voltage. The output voltage
rotor.
Disportional
to
the
displacement
of
the
is indicated by positive or negative polarity. placement of the rotor to the right will have
an
opposite effect and an in-phase output voltage will

EXTERNALLY OPERATED
RELUCTANCE PICKOFF

result.
.

The externally operated reluctance pickoff
most commonly used in guided missiles is usu-

This pickoff has many applications in guided

missiles in addition to serving as a rate gyro
pickoff.

ally referred to as a differential transformer. POTENTIOMETER PICKOFFS
This pickoff, shown in figure 5-22 consists of a
laminated steel rotor attached by a shaft to the
rate gyro gimbal. Two E-shaped laminated

A potentiometer is a device for translating
a quantitative motion (angular or linear) into
resistance. It meassteel cores are attached to the gyro mounting. a proportional electricaldifference between the
ures
by
comparing
the
is
Around the outer legs of each of the cores
potentials.
a primary winding connected in series op- 'mown and the unknown electrical

position. There is a secondary winding (pickoff coil) around the center leg of each core.

Figure 5-23 shows the principle of the potentiom-

eter pickoff. The circuit shown in the figure is

A-C VOLTAGE
OUTPUT

A-C EXCITATION
VOLTAGE

SHAFT ATTACHED
TO GYRO GIMBAL
A-C EXCITATION VOLTAGE

A-C OUTPUT

A

33.73

Figure 5-22.Externally operated reluctance pickoff:
A. Balanced conditionno output; B. Rotor displaced to left, causing output.
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Figure 5-23.Principle of a

33.74

potentiometer pickoff.

referred to as a bridge circuit. When the.wiper

arm is at C, there will be no output

A

(eOUT)

since the input (EAppuED) is placed .across
equal resistors. Now, if the wiper arm is moved
to C' the output will be proportional to the displacement of the arm due to an imbalance in
resistance in the line AB.

RESISTANCE
ELEMENT

Potentiometer pickoffs consist of wire-wound

resistors and movable sliding contacts (fig.

5-24A). The resistance wire is wound on a strip

1000vvuu CS 0\

Which is bent in the shape of a cylinder.
The wire and strip together are referred to as
the resistance card. The wiper arm can be
positioned at any point around the circum-

B

ference of the card.
The position of the moving arm determines
the amount of voltage, but it is also possible to

use the variation in resistance as the control
medium. If the shaft of the potentiometer is

mechanically connected to the sensor, the output
voltage will vary according to the moving arm
displacement. .With the wire-wound method. of
construction however the output of the potentiometer does not change smoothly as the wiper

arm is moved. Instead, the output voltage
.

changes in jumps, each jump being proportional
to the distance between adjacent turns of wire
and the voltage drop across each turn. A poten-

11781hlifiliTsUrNf,P,V1RFilatttaraM

tiometer having 1,000 turns of wire is said to

have a resolution of .1 part in 1,000 or a resolution, of .1 percent.: To. iMproye resolution, the
resistance wire is sometimes wound in a helix
as shown inligure,.5-2413.,
.A.potenticimeter wound
this manner .is
known as a helipOt. The wiper arm shoWn
the figure wOUld.. make .tin turns around the
cirminference'of 'the' card
cover the entire

C

33.75-.77

Figure 5-24.Potentiometers: A. Wire wound
potentiometer; B. Helipot; C. Potentiometer

.

voltage range: The advantage is in the fa&
that the wiper arm maintains continuous- contact

.

pickoff used with a free gyro.

with the resistance wire, thus eliminating the
jumpy output inherent in the conventional po-

tentiometer. Figure. 5-24C shows a potentiometer pickoff used with a free gyro.
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SYNCHRO PICKOFF AND
CONTROL TRANSFORMERS

The term synchro is applied to a group of
devices used for transmitting either angular

two outside plates is equal when there is no output from the sensor. If, however, a signal from
the sensor causes the center plate to move
toward the bottom plate, the capacitance between
these two plates will increase and the capacitance
between the top plate and the center plate
will decrease.

data or torques of fairly small magnitude without the use of a mechanical linkage. The simThis change in capacitance can be used to vary
plest synchro system contains a transmitter
the
tuning of an oscillator. The change in oscilwhich is electrically connected to a receiver.
lator
frequency is then used for sense control.
The transmitter is a transformer with a rotataThis
type of pickoff is the most sensitive of
input
ble prinuiry that converts a mechanical
spacing
into an electrical signal, and transmits the sig- all, since a very slight change in plate
cause a large change in frequency.
nal to the receiver. The synchro receiver willThe
electrical pickoffs just described are
receives the signal and converts it into a mecommon
to many guided missiles. Other types
chanical output. If the rotor of the synchro
and
variations
of those described will be covtransmitter is coupled to a sensor or reference,
the -movement of the reference will cause a ered in later chapters with the equipments with
corresponding movement of the transmitter ro- which they are associated.
tor. Due to the electrical connection of the receiver, its rotor will move in exact correspond- PICKOFFS AND FREE AND RATE
ence to the motions of the transmitter rotor. GYRO SIGNALS
Unlike the combination described above, the
Not that you have a basic understanding of
synchro control transformer is used to produce
of the pickoffs used in guided missiles,
a voltage proportional to the movement of the some
let
us
see how signals from the free gyros and
synchro transmitter rotor, rather than an ansignals
from the rate gyros are combined to
gular movement. Such a voltage may be amform
resultant
signals.
plified and then used to power other units within
When
a
missile
experiences an unwanted
a control system.
angular
acceleration,
the rate signal is combined
Synchro pickoffs are sometimes called selwith. the free gyro signal in such a way as
syns, autosyns, or microsyns.
desired
The fundamental types of synchro units and to return the missile smoothly to its the
attitude.
For
example,
assume
that
their principles of operation are discussed in scribed attitude of a missile is horizontal,preand
Basic Electricity, NavPers 10086-A.
to
that an outside force causes the missile roll
in a clockwise direction. Figure 5-26A shows
CAPACITANC2 PICKOFF
the roll rate gyro signal and the roll free gyro
signal during a period of 40° clockwise roll and
to proper attitude. At time To there is no
As shown in figure 5-25 capacitance pickoff return
free
is composed. of two outer plates that are fixed in output from either the rate gyro or theand is
position. A .movable plate is centered between gyro, because the missile is not rolling begins
the two fixed plates -and connected to the sensor. in the proper attitude. As the missile

to roll, the roll rate signal increases until the

The capacitance betWeen the center plate and the

missile roll rate becomes steady, at. whichtime
(T1) the rate signal reaches a constant level.
Note that the roll rate signal alWays opposes
roll movement of the missile. The free. gyro
signal continues to increase as long as the
missile is rolling from its proper attitude.
.At time T2, the control surfaces begin to slow
the missile's roll and the. rate signal begins

SENSOR
OR

RRPORENCE.

-to drop off. The missile is still roiling,
bitt at, a slower rate between T2 and T3.
The roll free gyro signal continues to in-

'

.

,
igura,545....:Capaeitance pickoff.

.

33.78

crease until a maximum roll of 40° is reached
at T3, at which time the. rate signal is zero.

=12426
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The missile now begins to roll back to the de-

return to correct attitude. It is this opposing
sired attitude. Between times T3 and T4, or damping feature which prevents
the overthe roll free gyro signal decreases, while correcting effects which would
occur
if only a
the rate signal increases in the opposite di- free gyro were used.
rection. At time T4, the signals cancel each
other and have caused the control surfaces to
The free and rate signals are continuously
return to neutral. After T4, the rate signal led by their pickoffs to a summing
circuit in
is greater than the roll free signal and causes the missile computer network.
Here
they are
the control surfaces to be actuated inopposition combined to form the resultant
shown
in figure
to the direction of missile movement. This 5-26B.

action continues until the missile is stabilized
at the prescribed attitude.
The dotted line in figure 5-268 represents
By opposing the free gyro signal during control
movement during the entire
the roll back to the horizontal attitude, the period ofsurface
roll.

rate signal can be said to be anticipating the

Although the actions described above apply

to missile roll caused by an outside force, the
same actions are applicable to pitch and yaw
caused by outside forces.

CW

T

T4

+40*

The block diagram of the missile control
system in figure 5-27 includes the gyros and
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pickoffs covered in this chapter.
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Computers appear in missile systems in a
variety of forms. The computer may be a simple mixing circuit in a missile, or it may be

a large console type unit suitable for use at
We have shown that sensor units detect
errors in pitch, roll, and yaw, and that a reference unit furnishes a signal for comparison

ground installations or on shipboard.

T

ESULTANT SIGNAL

with the sensor output.

Although the sensor output represents an

.0 ...

0
%

/

error to be corrected, it is seldom used to
operate control surfaces directly. It must

be changed to include additional information,
and then amplified in order to operate the cone1/C
trols. These operations are represented by
CONTROL SURFACE MOVEMENT
\
/
the block labeled "computer" (fig. 5-1). The
.../
%,......computer section is normally composed of
.... .4r
mixers, integrators, and rate components.
The large volume of information to be processed, and the brief time available to handle it,
make the, use of high-speed data processing
33.79 equipment essential in modern weapon systems.
Figure 5-26.Gyro signals combined to correct Data processing equipment is a group of demissile attitude: A. Roll free gyro and roll vices, each capable of performing a matherate gyro signals; B. Resultant signal and matical operation on data furnished
to it, and
control surface movement.
of producing results in usable form. The term
%

e

%
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Figure 5-27.Missile control system showing gyros and pickoffs.

or missiles. Computers are also used against

"mathematical operation" includes not only
such obvious processes as multiplication and

surface, underwater, and shore targets. Computers within the missiles operate on the same
principles as those in the weapon system.

addition, but includes analytic, arithmetic, and
logic operations. It excludes such processes
as judgment, induction, conjecture, and
generalizationa computer cannot think.
The term. "computer" refers to the data

FUNCTION AND REQUIREMENTS

processing device that is capable of differOne important function of a computer is the
entiating between data received. Other parts
and decoding of information relating to
of the data processing equipment may translate coding
the
missile
trajectory. It is necessary to code
datit from one form to another, store data, or
and
decode
control
information in order to offproduce data from stored information on deto permit conmand.
Comp Uters produce answers in numerical

form for statisticians, or in physical form

for use in fire control systems and industrial

control equipment: By physical form we mean
voltages or shaft and gear -revolutions. Because
computers can quickly solve simultaneous equa-

set enemy countermeasures and
trol of more than one missile at the same time.
Another function of the computer is the
mixing of signals from sensor and reference
units to produce error signals. Figures 5 -1 and
5-9' show, in block form, how the computer is

linked with other sections of the complete
The signals from the sensor and
tions, they can be used to direct gunfire or system.
reference
units may be mixed in a preset
missiles against fast-moving enemy aircraft
.

4
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ratio, or they may be mixed according to pro.
The error signals produced by mixing, are
amplified and passed to the control actuating
system and the followup section. The output
of the followup section is then fed back to the
computer for reprocessing. The purpose of
feedback is to reduce overcontrol that would
cause the missile to oscillate about the desired
grammed instructions.

variable as a whole quantity, such as displacement of a pointer, rotation of a shaft, and voltage of a circuit.

The digital method is a counting method. The
digital device recognizes quantity as a number
of basic units: number of days, number of
ohms, etc.
Analog computers can be used in weapons
systems
wherever problems of calculations
attitude.
from
continuous
data, simulation, or control
The computer section may also compare two
are
encountered.
In
or more voltages to produce error signals. ing, analog computerstarget detection and trackare used to direct search
For this purpose, voltage or phase comparator
circuits are added. The synchro units dis- radars and tracking devices, store data on
location and velocity, and predict future
cussed in the previous section are used in target
target
motion.
The calculations necessary to dicomputers to convert signal voltages into forms rect weapons launchers,
and actually control
that are better suited for processing.
and missiles are performed by comAirborne computers are generally classi- launchers
fied according to the phase of missile flight in puters. In addition to actual operation of
which they are used. The computers may be weapons, analog computers are used to simtargets for training purposes, and evalseparate units or they may be combinations of ulate
uate
the
performance of the weapons systems
prelaunch, launch, azimuth, elevation, program, in engaging
the simulated targets.
and dive-angle computers.
A digital computer also can solve problems,
but does it quite differently. The actual numTYPES OF COMPUTERS
bers are used; it performs simple arithmetic
them and produces the answer in the form of
Computers are classified according to pur- on
individual
digits.
pose as general or special, and according to
Basically,
the analog computer deals with
whether they use analog or digital principles.
a
continuous
system,
while the digital computer
Computers used in weapons systems are de- works with discrete numbers.
signed specifically to solve problems arising computer is faster than the While the analog
digital, it is much
in weapons systems, and therefore are usually
special purpose computers. They occur in a less accurate.
the digital computer can only give
wide variety, of forms and may have little in the Also,
answer
to one specific arithmetic problem
common with each other. While general pur- at a time, but
the analog computer can present
pose computers are used to solve problems the overall picture
of an entire system.
directly related to weapons systems, most
The
functions
of
computers that are part of a weapons system improved Minutemanthe digital computer in the
are special purpose, connected to solve a testing, countdown, missile include preflight
particular problem, or a small number of penetration aids such staging, and control of
as decoys or radar chaff,
problems. A ballistic missile guidance com- in addition to flight-path
control.
puter, for example, will solve only the equaComputers may solve the problem by election for a ballistic trajectory, but can be made
to guide the missile to any target within range. trical means, using voltages and current; electromechanical, using voltages and shaft positions; and mechanical, using angular rotations
Analog and Digital Computers
of shafts and linear movements of shafts and
There are many electronic devices
The two basic types of computersanalog linkages.
in
digital
computer
circuits. Relays may be
and digitalmay be combined to form a hybird open or closed; diodes
pass current in one dicomputer with both analog and digital characrection but not the other; vacuum tubes and
teristics.
may be conducting or nonconducting;
The technique used to determine the mag- transistors
magnetic
cores
may be magnetized clockwise
nitude of the Variable. is different in the, two
types. The analog device will continuously or counterclockwise. In addition, a variety
exotic devices with unique characteristics
measure a changing variable; it recognizes a of
have been applied to digital circuits: cryotron,
tinn"*"-
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magnetic film, tunnel diode, twistor, and aper-

can be controlled by changing the gear ratios
in the differential.
Sometimes information is transferred

To describe the functioning of
each of these would require a volume in itself. through air or hydraulic tubes. The signals
Refer to Principles of Naval Ordnance and are created by varying the pressure inside the
Gunnery, I4avPers 16783-ATTOi more iiiiiiima- tube. Two signals can be combined by joining
tion on digital and analog computers.
We will describe the computer elements two tubes into one.
according to the general type of function they
perform. These types were briefly described Integrators
at the beginning of this chapter as MIXERS,
An integrator performs a mathematical opINTEGRATORS, and RATE COMPONENTS.
eration on an input signal. The integral of a
constant signal is proportional to the amplitude
multiplied by the time the signal is present.
Mixers
Assume that the integrator output is four volts
the duration at the constant input signal is
A mixer is basically a circuit or device that when
minute. Then if the same input signal had
combines information from two or more sources. one
lasted for one-half minute, the output would have
In order to function correctly, the mixer must been two volts.
combine the signals that are fed to it in the
But, an actual missile error signal is not
proper PROPORTION, SENSE, and AMPLI- constant, as we assumed in the above example.
TUDE.
sense of the error change
The type of mixer used will depend mostly The amplitude and
The
integrator output is proon the type of control system. Most systems continuously.
portional to the product of the operating time
use electronic mixers. However, mixers may and the average error during that time. Should
also use mechanical, pneumatic, or hydraulic the sense of the error change during the inteprinciples.
of opposite sense would
Electronic mixers may use a vacuum tube gration period, a signal of
the integrator to decause
the
final
output
as a mixing device. It is also possible .to use a crease. The integrator can be considered as
network composed of inductors, capacitors, a continuous computer, since it is always proand resistors for mixing. Regai'dless of the ducing a voltage that is proportional to the
type of mixer, the signals to be combined are product of the average input voltage and time.
represented by the amplitude and phase of the Therefore, the integration of an error with reinput voltages. Voltages from such sources spect to time represents an accumulation of
as pickoffs, rate components, integrators, fol- intervals of time and errors over a specified
lowup generators, and guidance sources may period.
be combined by the mixer section to form
Any integrator has a time lag effect.
control signals.
Although the input signal goes. from zero
Mechanical mixers. consisting of shafts, to maximum with zero time lag, there is no
be used to comlevers, and gears can.
is required before
Another
mechanical
mixer output at that instant. Time
bine information.
appreciable amplitude.
the
output
reaches
an
or angular Approximately the same lergth of time is reuses gears to combine position
velocity information. The gear arrangement is quired for the output amplitude to drop to zero
similar to that of an automobile rear axle dif- after the input pulse ends. The additive effect
ferential. If the input shafts contain position of two successive negative pulses is made
information, they will move slowly and maintain possible by the time lag, and is used to give
approximately the same average. position.. The more precise control action.
position of the -output shaft constantly indicates
The output signal from the integrator is
the difference between the two shaft positions. used .to support the proportional error signal,
If the information is :represented by the speed o make sure that enough correction willalways

tured plate.

.

,

of the .shaftrotatfon, the angular velocity of the -13Smade by the control system.
output shaft represents the difference between
'Keep' in mind that the degree of control exthe two input shaft speeds..
by a pure proportional (unamplified) sigIt is. possible. to arrange the input shafts so erted
is. limited. Overcontrol, or undercontrol
that the .output represents the sum of the inputs nal
movement of the missile about
rather than the difference. Weighting factors causes excessive
,

1-26. 139
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the desired trajectory. There are times when
proportional control alone is not enough to
overcome a strong, steady force that is causing the missile to deviate from the correct
path. In a case of this kind, the proportional

error signal will have a steady component
that affects the integrator. The error signal
sense remains constant, so that the integrator
output increases with time. This output increase reinforces the proportional signal until

correction of the flight path takes place.
Integration may be performed by a motor,
the speed of which is proportional to the amp-

litude of the input signal. The motor drives
a pickoff, and the distance the pickoff moves
is proportional to the integral of the input
signal.
The direction of motor rotation will depend on the polarity or phase of the input signal. The amplitude of the error signal varies
irregularly; the sense of the signal may reverse, causing reversal of the motor rotation.
Other types of integraters use ball-and-disk
mechanical arrangement, resistance-capacit-

ance (RC) circuits, resistance-inductance (RI)
circuits, and thermal devices. The ball-and-disk
type (fig. 5-28A) is the oldest type of integrator
still in use in missiles. A more sophisticated
integrating circuit is shown in figure 5-28B. It
adds an amplifier to a simple resistor-capacitor
circuit. The resistor (R) produces the proportional current from the input signal voltage.
The capacitor (C) voltage is the integrator output. The use of a high gain feedback amplifier produces more accurate results.
Rate Systems

The rate section in a missile control system should produce an output signal proportional
to the. RATE OF CHANGE of the input signal
amplitude.

The time lag present' in integrator circuits
makes rate circuit necessary. Missile deviation cannot be corrected instantly, because the
control system must first detect an error before it can begin to operate.

AMPLITUDE OF INPUT

P

FRICTION BALL

DISK

A
EXCITATION

HIM GAIN

DC AMPUFIER
GAINalL

Figure 5-28.Some integrators used in missile control:
A. Ball-and-disc integrator; Bo Integrating
amplifier circuit and symbol.
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The ideal control system would have zero
time lag, thus permitting zero deviation during the missile flight. Control surfaces are

PURPOSE

Both POWER and VOLTAGE amplifiers are

in missile control systems to build up a
designed to correct missile flight deviations used
weak
signal from a sensor so that it can be
The control surfaces are moved
rapidly.
used
to
operate other sections of the control
rapidly by actuators, which are operated by
These sections normally require
system.
amplified error signals. But it is possible considerably
more power or voltage than is
to have a signal so large that the missile is
the sensor. Most amplifiers
driven beyond the desired attitude, and an error available from
tubes.
Regardless of the method
occurs in the opposite direction. This error use electronic
of an amplifier is to
drives the missile back in the first direction. used, the prime purpose signal
to a value great
build
up
a
small
sensor
The end result is a series of swings back and

enough to operate the controls.
forth across the desired trajectory.
These unwanted swings are known as oscillation (or hunting) and the addition of a rate OPERATING PRINCIPLES
signal has the effect of damping (retarding)
Some functions in missile control systems
the oscillation. The amount of damping may require
a series of flat-topped pulses; called
be classed as CRITICAL, UNDERDAMPING, square waves,
at a definite frequency. It is
or OVERDAMPING. The function of damping
wave shapes to square.
is to reduce the amplitude and duration of these possible to convert other
tube
amplifiers
and clippers.
waves with vacuum
oscillations.
accomplish
the same
The simplest form of damping is viscous It is also possible to
device
known
result
with
an
electromechanical
damping. Viscous damping is the application of
friction, to .the output shaft or load, that is as a chopper, or by a vibrator.
proportional to.the output velocity. Thia type
of damper absorbs power from the system Choppers
and slows up its response. You will find vis.A chopper is usually an electromechanical
cous damping slows up its response.. You will
switch
designed to operate a fixed number of
find viscous damping used on servos in the older
times per second, opening and closing the concomputers.
Fundamentally, a chopper
Damping of servos in the newer computers tacts periodically.
carrier square-wave
is provided by the rate generators. This method serves as a suppressed
A
cutaway
view
of a mechanical
modulator.
of damping, sometimes called error-ratedamp5-29A. This unit
chopper
is
shown
in
figure
ing, overcomes the disadvantages of viscous
for single-pole doubledamping. By combining the rate signal and the has the contacts arrangedOFF position.
throw
switching,
center
error signal, the system can be made to recontact arrangement is shown near
spond to a constant error. It is also possible the The
bottom
of the drawing. Leads are brought
to combine an attitude rate signal with a out separately
from each of the two fixed conguidance signal.
tacts
and
the
vibrating
reed to pins on the base.
Perhaps the most common method of pro- These pins are arranged
.so that the chopper
ducing a rate signal is by using a separate can be plugged into a conventional
radio tube
sensor unit, such as a rate gyro. The gyro
noise,
In
order
to
reduce
operating
displacement is detected by a pickoff, and the socket.
sponge
the
entire
mechanism
is
enclosed
in
a
output of the pickoff is the rate signal.
rubber cushion before it is placed in the metal
AMPLIFIERS
can. By using the chopper in connection with a
conventional transformer, amplification can be
the
An amplifier is a device for increasing
magnitude of a quantity. There are many types obtained at the pulse frequency.

of amplifiers and many uses for them. In

An electromagnet, driven by a source of
electronics and electrical applications, three -alte'rnating
current, sets a reed in vibration.
types widely used are vacuum tube, transistor,
The
reed
carries
a moving contact that alterand magnetic amplifiers. The first two are dis- nately' contacts one
or the other of two fixed
cussed in Basic Electricity, NavPers 10087-A,
and the last named is described in. Basic contacts in a signal circuit. Thus the signal is
Electricity, NavPers 10088-A.

periodically interrupted. The permanent magnet
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The chief advantage of electromechanical
choppers in their extremely low noise and drift.
They have been used successfully to amplify
minute voltages such as those generated by
thermocouples.
Vibrators
A current can also be chopped electronically

by passing it through a multivibrator or other
switching circuit. A vibrator, an electromechanical device used primarily to convert
direct current to alternating current but also
used as a synchronous rectifier, is closely re-

lated to the chopper. There are two major classes
of vibrators: interrupters, in which the vibrator

serves to interrupt, periodically, the direct
current input, and synchronous vibrators, in

which the vibrator periodically interrupts the
input, then synchronously rectifies the resulting
alternating current.

111 1111 IT IT
Vacuum Tube Choppers
,..jNIGH GAIN

AC AMPLIFIER

RESISTOR

t=1-1

..,r vvv--L-41

1

CHOPPER
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Figure 5-29.A. Cutaway view of mechanical
chopper. B. Chopperstabilized d-c amplifier.
is incorporated in the pole structure of the coil
so as to polarize the coil. The a-c excitation of
the coil alternately reinforces and reduces the
magnetism supplied by the permanent magnet, so

that the vibrating reed executes one oscillation
for each oscillation of the applied voltage. The
resonant frequency of the reed is not made equal
.to the excitation freqUehwbecause then small
changes in the exciting frequency would result
in large phase shifts' betWeen the reed Aosaillations and the coil -drive.
typical :circuit is
shown in figure 5498. The d-c inputvoltage is
modulated by one contact of the choppar.into an
a- c Nonage. Thiii.voltage is amplified ina standard
amplifier' end' it then demOdulated by the
-other 'contact " of the .chopner; The' signal: is
smoothed `in a low-pass filter to. reconstruct as
an amplified version of the original input.'
7- X

M... 129
4"

Vacuum tubes can be used as electronic
choppers. Other amplifiers, known as saturable
reactors, are used for a-c motor control. This
type of amplifier may sometimes be used in
combination with vacuum tubes. Neither the
vacuum tube nor the transistor alone can
function as an amplifier; each must be associated with appropriate input, output, or biasing
circuits.
Control systems in guided missiles make extensive use of chopping, generally to change a
direct current signal into an alternating current
signal, which can be more readily amplified.
An autopilot amplifier receives signals from
the outputs ofthe gyroscopic reference system
and the rate gyroscopes, and converts the signals
to a form usable for guidance of the actuator
assemblies.
The use of amplifiers in the guidance system
is discussed in the next chapter.
CONTROLLER UNITS

The first part of this chapter discussed the
purpose and function of control, the factors controlled, methods of control, types of control

action, and types of control systems. In this
section we will discuss controller units other
than amplifiers.

A
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A controller unit in a missile control system
responds to an error signal from a sensor. In
certain systems an amplifier which is furnishing power to a motor serves as a controller.

11+

VARMMWM101

TYPES

ACTUATOR

There are several types of controller units,
and each type has some feature that makes it
better suited for use in a particular missile system.

3

POWER AM PL.

POWER AMPL.

A

PRESSURE

RETURN

IN

RETURN

Solenoids

A solenoid consists of a coil of wire wound
around a nonmagnetic hollow tubepa moveable
soft-iron core is placed in the tube. When a
magnetic field is created around the coil by
current flow through the winding, the core will
center itself in the coil. This makes the solenoid
useful in remote control applications, since the
core can be mechanically connected to valve
mechanisms, switch arms, and other regulating
devices. Two solenoids can be arranged to give
double action in certain applications.
Transfer Valves

1

33.184
A.
Closed
position
Figure 5- 30. Transfer valve:
(schematic); B. Hydraulic transfer valve and

Figure 5-30 shows an application in which
two solenoids are used to, operate alydraulic
actuator.
transfer valve. The object is to move the -actulinked
to
a
control
ator which is mechanically
surface or comparable device.
control. With neither of the windings enThe pressurized hydraulic fluid, after it this
(or a balanced current flowing through
leaves the accumulator, is applied to the trans- ergized
both),
the
magnetic reed is centered as shown
fer .valve shown in figure 5-30B. The valve is
5-31).
In this condition, high pressure
automatically operated by the response of the (fig.
hydraulic
fluid
from the input line cannot pass
solenoids to electrical signals generated by the to the actuator since
the center land of the spool
missile computer network..
blocks the inlet port. The pressurized
If solenoid #1 in the figure is energized, it valve
routes, through
will cause the valve spool to move. to the left. fluid flows through the alternate
(fixed
orifice),
passes
two .restrictors
This wi l permit pressurized fluid to be ported the
returns to the sump
through
the
two
nozzles,
and
to the right-hand side of the actuator and cause without causing . any movement of the actuator.
its movement to the left. If solenoid #2 is If the. right-hand solenoid is energized, the magenergized,' the valve spool will move to the right,
reed will move to the right, blocking off the
causing actuator movement to the right in the. netic
.-of .high pressure fluid through the rightsame manner. When neither coil, is energized, flow
hand
nozzle; Pressure will build up in the right
the valve is closed (fig.1-30A):.
pressure
chamber. This will move the valve to
The transfer valve just described has one .the. left. In-moving
left, the center land will open
disadvantage. in. that it operates in an on-off thehigh pressure inlet
and permit fluid flow
manner. This:means that it provides positive directly to the right -hand side of the actuator.
movement of the control surfaces, , either full At the same time, the left -hand land of the spool
up or full down, full. right or full left. A finer will open the low pressure return line and permit
control:is usually more desirable in Missile flow to. the sump from the left-hand side .of the
systems. The servovalve (fig. 5-31),provides
.

.
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Figure 5-31.Servovalve.

A

LOW CURRENT CONTROL

actuator. This process will cause actuator
movement to the left. By energizing the left-

hand solenoid, the reed will move to the left, and
the entire process will be reversed, the actuator
then being moved to the right. The actuator can
be used to physically position a control surface.
Relays

Relays are used' for remote control of heavycurrent circuits. The relay coil maybe designed
to operate on very small signal values, such as

the output Of a sensor. The relay contacts can be
designed to carry heavy currents.
Figure 5-32A shows a relay designedfor controlling heavy load currents. When the coil is
energized, the' arMature is pulletdovm against
the core. This action pulls the moving contact
against-the stationary contact, and dolesthe high
current circuit. The relay contacts will stay.
closed as long as the magnetic pull of the coil is
strong enough to overcome the pull of the spring..

The relay just described has a fixed core.
HoWever, some relays resemble a solenoid in

,131
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Figure 5-32.Some types of relays inmissiles:
A. Low current relay; B. Air-actuated relay.
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is then applied to the armature of the load driving motor. (The field winding of the motor is
constantly excited by a d-c voltage.) The amplidyne generator amplifies a low-power signal
(error signal) into one strong enough to move a
heavy load.
The control field windings of the generator
are arranged so that the polarity of the excitation voltage from the sensor will determine
the polarity of the generator output voltage. The
generator output is connected to the load driving

that part of the 'core is a moveable plunger. The
moving contacts are attached to the plunger, but
are electrically insulated from it.
Figure 5-32B shows a form of relay that can
be used in a pneumatic control system. Two air
pressure lines are connected to the air input
ports. The relay operates when its arm is displaced by air pressure. A modifieddesignof this
type relay might be used in a hydraulic-electric
system, in which case the diaphragm would be
moved by hydraulic fluid pressure.

motor armature through the latter's commutator. Since the field of the motor is constantly
excited by a fixed polarity, the polarity of the
voltage applied to the armature will determine

Ampildyne

An amplidyne can be used as a combined
amplifier and controller, since a small amount

of power applied to its input terminals controls
many times that amount of power at the output.
Figure 5-33 shows an amplidyne arrangement.
The generator is driven continously, at a
constant speed, by the amplidyne drive motor.
The generator has two control field windings
that may be separately excited from an external
source. When neither field winding is excited,
there is no output from the generator, even
though it is running. If follows that no voltage

the direction of armature rotation.
Amplidynes have long been used in power
drives for positioning guns and launchers, although none are used in current missiles.
3

ACTUATOR UNITS

The actuator unit is the device that converts
the error detected by the sensor into mechanical
motion to operate the appropriate control device
that will correct the error or compensate for it.

4
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Figure 5-33:AmPliayng% controller.
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The actuator must be able to respond rapidly,

large forces available when using hydraulic
actuators.

it must produce an output proportional to the

shown in the simplified block diagram of a
hydraulic-electric controller (fig. 5-34). This

with a minimum time lag between detection of tke
error and movement of the flight control surfaces or other control device. At the same time,

You have studied several of the components

error signal, and powerful enough to handle the system is comprised of (1)
a RESERVOIR which
load. Figure 5-30B shows a double-acting piston- contains the supply of hydraulic
fluid, (2) a
type hydraulic actuator in which hydraulic fluid MOTOR and a PUMP to
move
the
fluid
through
under pressure can be applied to either side of the system, (3) a RELIEF VALVE
to
prevent
exthe piston. The piston is mechanically connected cessive pressures in the system (4)
an ACto the load.
CUMULATOR which acts as an auxiliary storage
space for fluid under pressure and as a damping
PRINCIPAL TYPES
mechanism which smooths out pressure surges
the system, and (5) a TRANSFER VALVE
Actuating units use one or more of three within
which controls the flow of fluid to the actuator.
energy transfer methods: hydraulic, pneun4tic,
Most of these components of
or electrical. Each of these has certain advan- been covered in the preceding the system have
pages. The theory
tages, as well as certain design problems, men- of hydraulic piston displacement
tioned earlier in this chapter. Control' devices Fluid Power, NavPers 16193-A is explained in
and hydraulic
make use of more than one method of energy pumps are also illustrated and explained.
Pumps
transfer but are classified according to the major used in missile systems generally
one used. Combinations are hydraulic-electric, categoriesgear and piston. They fall into two
and pneumatic-electric. Mechanical linkages are driven by an electric motor within are usually
the missile.
used to some extent by all of them.
HYDRAULIC ACTUATORS

Pascal's Law states that whenever a pressure is applied to a confined liquid, that pressure is transferred undiminished in all directions throughout the liquid, regardless of the
shape of the confining system.
This principle has been used for years in
such familiar applications as hydraulic door
stops, hydraulic his at automobile service
stations, hydraulic brakes, and automatic transmissions.
Generally, hydraulic,transfer units are quite

RESERVOIR.The reservoir is a storage
compartment for hydraulic fluid. Fluid is removed from the reservoir by the pump, and
forced through the hydraulic system under pump
pressure. After the fluid has done its work, it

is returned to the reservoir to be used again.
The reservoir, called a sump, is actually an
open tank because of the atmospheric pressure

inlets.
VALVES.The valves in the piston pump are
of the flap type, which operate with very small
changes in pressure. Another type of valve used

,

simple in design and construction. One advantage
of a hydraulic systeni is that it eliminates complex gear, lever, andpulley arrangements. Also,
the reaction time of a hydraulic system is relatively short, because there, is little slok or lost
motion. A hydraulic'' system,, does, however,
h:..ve a slight efficiency loss due to friction.

Hydraulic-Electric Control Devices

The hydraulic-electric method of 'actuating
movable control EurfaCes (or movable, jets,
nozzles or vanes) has been used more than any,
other type of system. As previously mentioned,
the most important.. advantages of this type of
system are the high speed of response and the

HYDRAUUC
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ACCUMU- I
LATOR.

COUPLING

Ik
IRESERVOIR

= HYDRAULIC CONNECTION
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111
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=
.1TO

VALVE

III
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Figure 5-34.Basic hydraulic controller.
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flow into
in hydraulic systems is the pressure relief away from the opening, and fluid will
return line.

valve. As its name implies, it isusedto prevent
damage to the system by high pressures. Some
combination systems used hydraulic pressure
regulating switches instead of pressure relief
valves.
A typical hydraulic relief valve consists of a
metal housing with two ports. One port is connected to the hydraulic pressure line and the
other to the reservoir return line. The valve
consists of a metal ball seated in a restricted
section of the pressure line. The ball is held in
place by a spring, the tension of which is ad-

justed to the desired lifting pressure. This

pressure is chosen so that it will be within the

safe operating limits of the system.
Should the system pressure become greater
than the spring pressure, the ball will beforced

the port that leads to the reservoir
Thus the pressure can never exceed a safe limit;
and, since the fluid is returned to the reservoir,
no fluid is lost.
These valves, and others, are described and
illustrated in Fluid PoWer, NavPers 16193-A.
Transfer valves were desctibed earlier in this
chapter.
ACCUMULATORS.Accumulators are of
three types as shown in figure 5-35. Part A of
the figure shows the floating piston type, consisting of a metal cylinder which is separated
into two parts by a floating piston. The upper
part of the cylinder contains hydraulic fluid.
Below the piston is an air chamber which is
charged with compressed air. The accumulator
shown in figure 5-35B is the diaphragm type
NITROGEN

CONNECTION TO
PRESSURE LINE

FILTER

SYNTHETIC
RUBBER
BLADDER

ti

HYDRAUUC

FLUID

METAL CYLINDER
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AIR CHARGE

FLUID
AIR FILL FITTING

CONNECTION TO
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HYDRAULIC
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B
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Figure 5-35.Hydraulic accumulators: A. Floating piston type;
B. Diaphragm type; C. Bag type, cutaway view.
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which consists of two hemispherical sections
separated by a flexible diaphragm. The upper
chamber contains the hydraulic fluid and the
lower chamber the compressed air charge.
Although the construction of the accumulators
is somewhat different, they operate on the same
principle. The air chamber is charged with com-

thus providing fine control. If missile attitude
(external followup) were the only guide to correct the control surfaces, reaction would occur
too late to provide fine control. In other words,
the reaction would be too late because of aerodynamic lag. Suppose, for example, that a missile WITHOUT internal followup turns to the

pressed air to a pressure corresponding to the right due to a gust of wind. The
free gyros would
desired pressure, which is less than the line sense the amount of error and
cause control
pressure of the hydraulic system. Withthe hydr- surface deflection to bring the missile
to
aulic line pressure higher thanthe air pressure the left. The rate gyros would sense theback
rate of

hydraulic fluidwill be forcedback into the upper
compartment. This fluid forces the diaphragm
(or floating piston)down againattlie compressed
aircharge, increasing the pressure until a working pressure is reached. If the pressure output
of the pump should drop suddenly, the compressed air charge would force the diaphragm or piston upward, thereby maintaining a constant pressure in the system. By building up air pressure
in the accumulator, any pressure surges in the
hydraulic system wlll be smoothed out, permitting a smooth operation of the load.

attitude deviation and relay this information to
the missile computer network. To make proper
use of the free and rate gyro information in
providing control surface correction signals,
the missile computer network must also be kept
informed of the instantaneous control surface
positions. Devices such as the pickoffs (also
called followup or response generators) discussed in the chapter are commonly used to
measure deflection of the control surfaces with
respect to the missile 'airframe and to relay
this
to the missile computer netAir as the pressurizer is replaced with wori.information
As a result, the correction signals from
nitrogen for reasons of fire safety. The piston the computer network will
provide smooth and
type of, accumulator is being phased out.
fine control. There are various other types of
The third type, illustrated in figure 5-35C,
surface pickoff devices.
is the bag type. The outside of the bag type is a control
An
electrical
followup (feedback) system is
metal shell; the bag, of neoprene, is inside, and shown in figure 5-36.
In this system, the error
contains the nitrogen. The bladder will fill ap- signal is supplied to an electronic
mixer where
proximately three-fourths of the inside area of it is combined with the
smaller
signal
the cylinder when the hydraulic pump forces oil response generator. The difference, from the
into the flask. A spring-loaded poppet valve at ant, of these signals is fed through or resultthe bottom of the flask prevents the bladder ex- fier and controller to the actuator an amplipanding down into the manifold if there is no operates the control surface. A section that
portion of this
hydraulic fluid (or only a small amount) in the signal is also fed to the
response generator, so
flask.
that the response signal is
to the
CONTROL
SYSTEM INTERNAL flight surface deviation fromproportional
the
axis
line.
FOLLOWUP.The followup unit (a servomechIV is also possible to use a mechanical
anism) in a missile control system plays an followup.
When this method is used, the followup
important part in obtaining a smooth trajectory
mechanisra
may be a part of an air relay as
with minimum oscillation. There are two basic shown in figure
The control surface
types of followup associated with missile control position in relation5-37.
to
the
(fig. 5-27). The first is internal followup (also cated by a force which is missile axis is indireflected to the conreferred to as minor followup), and the second troller by a spring.
is external followup (sometimes called major
see how this system operates, assume
followup). Internal followup involves devices thatTo
the signal from a pneumatic pickoff moves
installed to measure missile control surface the air relay diaphragm
up. The followup arm
position, and to relay this position information will then move clockwise. This
back to the missile computer network. External, the valve spool of the air valvemovement causes
to move upward.
or major, followup involves the sensing of mis- The valve action admits
high-pressure
air to the
sile attitude by the gyros.
relay,
and
the
pressure
forces
the
piston
of the
The purpose of the internal followup loop pneumatic actuator to the left. When
this
happens,
(also called feedback loop) is to increase
the followup spring is compressed and tends to
speed at which a missile responds to an
turn the followup arm in a counterclockwise

1
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direction. Since the followup force is in opposition to the original motion of the followup
arm, we have the desired inverse feedback.

ERROR SIGNAL

IXE

A large signal will create a larger flight

control surface deflection before the feedback
force becomes great enough to return the

AMPLIFIER
CONTROLLER
ACTUATOR

RESULTANT SIGNAL

RESPONSE
GENERATOR

CONTROL SURFACE

144.8

Figure 5- 36. Followup loop of missile control system.
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Figure 5-3 tAir relay viktiftchanical followup.
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followup arm to zero. The spring will then push
the followup arm and the air valve in the op-

produce these required out-of-phase signals.
posite direction,- to move the flight control The yaw signal also feeds into the other two
surface back. Therefore, the spring acts to servoamplifiers in the same manner. The roll
limit flight surface deflection to a value deter- signal feeds into the input of all four servoand affects the operation of all four
mined by the error signal, and to return the amplifiers,
jets.
Rate
control
has also been included in the
flight control surface to a position parallel
system,
the
rate
signals
being obtained fromthe
with the missile axis.
rate gyros. The many synchros are used as
Hydraulic-Electric Control System
pickoffs and mixers to combine information
Figure 5-38 shows a simplified blockdiagram from the various sources shown in the figure.
of a hydraulic-electric channel for roll control.
Many followup paths exist in this system. In
Notice the similarity between this figure and the each case, actuator position information is
basic control system diagrams in figures 5-1 fed to the input of the respective servoampliand 5-9. Since the pitch andyaw control systems fier. This feeding produces jet movement which
are very nearly the same as the roll control is proportional to the servoamplifier input. Also,
system, there is little necessity to describe them actuator-position information is fed back to a
certain two of the three channels (yaw, roll, or
in detail separately.
pitch).
This is necessary because each actuator
CHANNEL INTERCONNECTION.Very often the roll, pitch, and yaw channels are inter- produces an effect on the missile in two axes.
connected either electrically or hydraulically. The roll channel has four followup signals,
Figure 5-39 shows a possible method of elec- since each actuator affects the missile in roll.
trically connecting the channels. Four movable Thus, the combination of actuator followup
jets are controlled by the system (fig. 5-2). In signals to any channel produces a resultant
figure 5-39 the interconnection occurs just prior signal which represents the true followup for
that channel.
to the four servoamplifiers.
HYDRAULIC
The electrical distribution occurs by means
INTERCONNECTION.The
of the output of the three channel amplifiers. control channels may also be interconnected by
The amplifiers produce two outputs which are hydraulic means. This involves a fairly com180° out of phase. The pitch signal affects jets plex system of hydraulic lines which link the
#4 and #2 by feeding into the respective servo- actuators of the roll, pitch, and yaw channels.
amplifiers. Assuming that a signal of certain Since such systems require rather extensive
phase produces clockwise movement of all the hydraulic equipment, they are seldom used in
jets, then the signal to Jets #4 and #2 must modern missiles because of their excessive
receive signals of opposite phase for pitch weight. All-electric systems will replace hycontrol. The double-ended channel amplifiers draulic systems in new missiles.
INTEGRATOR ACTION.The purpose of an

integrator in a hydraulic-electric system is to
detect an error of a certain sense that has existed for a comparatively long period of time.
This is done by producing an output which is not
only proportional to the magnitude of error, but
also to the length of time the error has existed.

PICIOPP

I

The integrator actually accumulates the error
over a period of time. The signal thus generated
is then mixed with the other error signals to
cause complete correction of the error. Refer
to explanation of integrator action earlier inthis
chapter.
I

CONTROL SWAP

I

33.188

Figure 5-38.Hydraulic-electric channel
for roll control.

Pneumatic Control Systems
Even though pneumatic control systems are
not commonly used in missiles today, it will be
helpful to look into this system before taking up

the more widely used pneumatic-electric systems.
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The principal difference between a hydraulic
system and a pneumatic system is the use of air

rather than hydraulic fluid, as the working
medium.
GENERAL

OPERATION.The pneumatic

control system is almost entirely operated by
compressed air.
The rotors of the gyros are powered by air.
The gyro pickoffs are all air blocks; therefore,
the control information is in the form of varying air pressures. The control surfaces are
moved by air pistons. Air from a pressure tank

puter function is performed as spring-force information is combined in proper sense and ratio

with air pressure information at the air relay.

YAW CONTROL.At the yaw rate gyro, the

rate signal appears as an unbalanced air pres-

sure between two holes in an air-block pickoff.
Now suppose the nose veers to the right. A dis-

placement gyro signal develops at the pickoff
(yaw control air jet). The yaw control air jet
pivots to increase air pressure in the left hole
of the pickoff (when facing the direction of flight).
This air pressure is transported in the lower of

passes through delivery tubes, valves, and pressure regulators to operate mechanical units.
After the air has done its work, it is exhausted
to the atmosphere. It cannot be returned to the
tank for reuse. Consequently, air must be stored

the two air tubes to the diaphragm of the air
relay. The diaphragm is forced to the left. This
controls high pressure air which forces the

supply in the tank diminishes.
Figure 5-40 shows one possible pneumatiC

the nose is moving right, an error signal is

at a much higher pressure than is necessary
for operating the loads in order to have enough
pressure to operate the controls as the air

actuator to the right. Mechanical linkage moves
the rudder to the left, correcting a nose-right
deviation.
Again consider the nose-right attitude. As

produced by the yaw rate gyro. By the law of

system. Note that this system contains three gyro precession, the yaw rate gyro exerts more
gyrosone displacement (free) gyro and two force on the right restraining spring because
rate gyros.
force on the gimbal precesses the gyro a small
For simplicity of illustration, the figure amount. As it precesses, more air is received
shows conventional control surfaces. The basic by the left hole. This increases the pressure in
principles outlined in the following paragraphs the same tube that contains the high pressure
hold regardless of which control method is used. signal from the displacement gyro. The rate
Starting with the displacement gyro, thepitch gyro is SUPPORTING the error signal of the
and yaw errors are sensedby air-blockpickoffs. displacement gyro.
Each signal is sent by means of varying air
PITCH CONTROL.In the missile under dispressures to an air relay. The air relay acts cussion,
a pendulous device is used for pitch
like a combination amplifier and controller. The

control. Figure 5-40B shows the relationship of
the pendulous device, yaw torquer coils, pitch
pickoff, and barometric altitude control. The
diagram
shows how the devices operate together.
enough to actuate an air piston. The two rate
When
the missile deviates in pitch, more air
gyros also produce a pneumatic signal which is directed
into one hole of the pitch pickoff
joins with the free gyro signal of the respective block than the
other. This pressure difference
channel. The addition of these signals in the represents a pitch
signal which connects
proper ratio can be considered to be computer to an air relay. Theerror
air
relay
controls air presfunctions of this system.
sure
used
to
move
the
elevator.
The followup signal is actually a mechanical
Since the rotor of the gyro tends to maintain
force exerted by a spring (fig. 5-40A). Both the a constant
of rotation in space due to gyro
diaphragm and spring exert force on the servo- rigidity, theplane
gimbal
and gyro disc also maintain
valve spool. Movement of the spool to either side a constant angle since
they move with the gyro.
of normal produces a varying force on the air
The
disc
is
rigidly
connected
to the gimbal. The
relay valVe. This action tends to return the gyro cradle normally moves with
the airframe.
servovalve spool to the normal or midpositionto The pitch pickoff pivot and
block
are
connected
produce streamlined control surfaces.
to the cradle and also move with the airframe.
The corrective signal tothe servovalve spool
must be somewhat dependent on the instantaneous When the missile deviates in pitch, the cradle
position of the control surface. This position is and pitch pickoff also deviate in pitch, but the
disc maintains the same position in space.
indicated by the followup signal. Again, a com- gyro
The pitch arm pivots as it rides in the slotted
input to the relay is in the form of small charges
of air pressure from the airblock pickoffs. The
output of the relay is a pressure which is high
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disc and produces the pressure difference be-

enough torque to move the airfoils sufficiently.

tween the two holes of the pickoff block.
BAROMETRIC ALTITUDE CONTROL.

A large motor cannot be used because of its

the gyro cradle moves, the nozzle and block of
the pitch pickoff move With it. Since the gimbal

motor, operating through a clutch, or a variable speed motor.
The high rotation speed of an electric motor
introduces a major disadvantage to an electrical
system. The inertia of an electric motor introduces a lag in the system which makes fine control difficult to achieve. If the lag is great
enough, the system operates with insufficient
sensitivity or with a tendency to oscillate.

excessive weight.

Pitch can also be controlled by a barometer
A small motor running at high speed
the
servo. The servo (fig. 5-40B) is connected same power potential as a larger motorhas
which
mechanically to the gyro cradle. The gyro runs at some lower speed. Therefore, a small
cradle remains fixed with respect to the air- motor is connected to the control surface through
frame unless the barometer servo should move a reduction gear train. The mechanical adit. When the barometer actuator moves, the vantage yielded by the gear train results in a
position of the gyro cradle with respect to the large torque exerted on the control-surface
missile frame changes by pivoting. Also, when pivot. The motor is either a constant speed

and disc remain stationary, the pitch pickoff
arm pivots and produces a pitch signal. This,
of course, also produces elevator movement

and missile pitch reaction.
The stability of this missile in pitch is produced by the relation of the missile and the
gyro. The initial climb angle and altitude of the
trajectory are controlled by the barometer servo
operating the gyro cradle.
Pneumatic-Electric Control Systems

Some missile control systems have been

designed which use a combination of pneumatic
and electrical apparatus. Such systems usually

use electrical pickoffs, which are the most
accurate and reliable. The pneumatic equipment
is used to move the actuators.

The change from electric to pneumatic operation takes place at the air servovalve (fig.
5-40A). The air servomotor rotates the torque
tubes which are connected to the control surfaces and extend into the center section of the
missile. The deflection of the control surfaces
is proportional to the input signal.

Electric Control Systems

An electric control system consists entirely
of components powered by electricity. Thus,
no pneumatic or hydraulic transfer system is
necessary.
Except for the controller and actuator, the
components used are similar to those used in
the hydraulic-electric system.
ACTUATORS OF ELECTRONIC CONTROL

SYSTEMS.Electric motors are used for actuators in electric control systems. It is npt

practical to apply the torque of the motor
directly to the control surface by using the
motor shaft as the control-surface pivot. Such
a motor would have to be 'very large to exert

VARIABLE

SPEED ACTUATOR0=Figure

5-41 illustrates a variable speed motor used to
move a control surface. A signal is sent to a
motor which rotates in a givendirection depending on the sense of the signal. The motor turns
at a speed which is roughly proportional to the
strength of the signal. Since the motor is coupled

to the elevator through a reduction gear train,
the elevator movement is proportional to the
speed of the motor.
CONSTANT
SPEED
ACTUATOR.The
effects of inertia when starting and stopping a
variable speed motor can be eliminatedby using

a drive motor which runs continuously and

maintains uniform speed. In this case the motor
is connected to the control surface through a
clutch. The clutch varies the power transmission from the motor to the control surface. The
use of two clutches and a gear differential would
allow control in both directions.
Figure 5-42 shows a system output using
clutches. The friction clutch discs make con-

tact by means of a solenoid from the channel
power amplifier. The amplifier needs to supply
power only to operate the solenoids.
Mechanical Linkage

We have discussed the various control systems, but have not discussed in detail the

mechanical means of linking the flight control
surfaces to the actuator. In addition to providing a coupling means, the linkage may also be
used to amplify either the force applied or the
speed of movement.
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POWER GEA TRAIN

POLLOWUP SYNCHRO

33.190

Figure 5-41.Electric actuator (variable speed motor).
A mechanical linkage between an actuator
and a load is shown in figure 5-43A. The distance

d, on the drawing represents the distance from
the control surface shaft to the point where the

force is applied. The control surface moves
because force exerted by the piston is applied
at a distance from the axis of rotation, and thus
produces a torque. Other mechanical linkages

.4

may consist of an arrangement of gears, levers,
or cables (fig. 5-43B).

A number of mechanical systems may be
grouped together to form a combination system. This system uses levers, cables, pulleys,
and a hydraulic actuator. However, a system
using this kind of control is not suited for high
speed missiles.
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Figure 5-43.Mechanical linkages: A. Actuator and load linked by lever arm;
B. Gear train type of mechanical linkage.

CHAPTER 6

PRINCIPLES OF MISSILE GUIDANCE
INTRODUCTION

DEFINITIONS

Preceding chapters have discussed missile
airframe and control surfaces, propulsion systems, warheads, and control systems. Chapter
5 defined guidance and control, and set up an
arbitrary division of factions and components
of those two systems. This chapter shows the
basic functional components of guidance systems. Some of them are in the missile and
some are aboard the launching ship.

A distinction was made in chapter 1 between
missiles and guided missiles. They may also be
called controlled missiles and uncontrolled missiles. Uncontrolled missiles forow a ballistic
trajectory which is determined by their initial

velocity, initial attitude, and the forces of

nature present (gravity, wind, and air resistance). Arrows, bullets, artillery projectiles,

and bombs are examples of missiles that follow
a purely ballistic trajectory after release. Mis-

There are several methods of providing siles which are propelled by reaction propulsion
systems and which are without control guidance
sary to bring about a collision with a target, after flight, such as free (unguided) rockets,

guided missiles with the guidance signals neces-

but two broad categories can includeallot them.
The first category includes those guided missiles
that maintain electromagnetic radiation contact
with manmade devices outside of the missile
proper (devices on the ship or ground station).
Examples of these devices include radar trans-

follow ballistic paths after engine cutoff.

guided missiles which do not maintain electromagnetic radiation contact with manmade devices. In this category are missiles which rely
on either electromechanical guidance devices
or electromagnetic radiation contact with natural
sources. The preset and inertially guided missiles rely primarily on electromechanical devices within the missile. The celestial and

flight path. Many missiles use a combination of
guided and unguided phases of flight.

A missile whose flight path is controlled
after launching is considered to be guided.
Internal equipment may sense deviation from the

prescribed path and operate to correct it, or
mitters, radio transmitters, and the target the missile may be commanded from an exveelf.
The second category includes those ternal source to make certain changes in its

terrestrial guided missiles rely primarily

on

electromagnetic radiation contact with natural
sources.
Modern guidance systems are far advanced.
Progress in electronic and allied equipments is
rapid. The basic. principles stay the .same,
though the "hardwares' may change tremenyh
dowdy, such as the change from vacuum tubes. to
transistors. This chapter and the following ones
explain principles of different guidance systems.

PURPOSE AND FUNCTION

The purpose of a guidance system is to control the path of the missile while it is in flight.
This makes it possible for personnel at ground
or mobile launching sites to hit a desired target, regardless of whether that target is fixed
or moving, and regardless of whether or not it
takes deliberate evasive action. The guidance
function may be based on information provided
by sources inside the missile, or on information sent from fixed or mobile control points,
or both.
Every missile guidance system consists of
am attitude control system and a path control
system. The attitude control system functions
to maintain the missile in the desired attitude
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names refer to different parts of the
on the ordered flight path by controlling the These
flight
path.
The boost phase may also be called
missile in pitch, roll, and yaw. The attitude
control system operates as an autopilot, damping

the launching or initial phase.

out fluctuations that tend to deflect the missile

from its ordered flight path. The function of INITIAL (BOOST) PHASE
the path control system is to determine the
flight path necessary for target interception and
to generate the orders to the attitude control
system to maintain that path.

Navy surface-to-air missiles are boosted to
flight speed by means of thebooster component.

Thus, the missile guidance system is es- This boosted period lasts from the time the
sentially a weapon control system, inherently missile leaves the launcher until the booster
associated with the weapon direction phase. burns up its fuel. In missiles with separate
from the
Although guidance and control systems have boosters, the booster drops away
Discarding
the
Vig.
6-1)
at
burnout.
distinct functions, they must operate together. missile
burnt
out
booster
shell
reduces
the
weight
carThe guidance system detects and tracks the
target, determines the desired course .to the ried by the missile and enables the missile to
target, and. produces the electrical steering travel farther.
The problems of the initial phase and the
signals that . indicate the position of the missile
methods
of solving them vary for different miswith respect to the required path; the control
siles
and
their means of projection. However,
system responds to the signals to keep the
the
basic
purposes are the same. The boost
missile on course.
phase must get the missile off to a good start
.

or it will not hit the target. The launcher,
The guidance system in a missile can be holding the missile, is aimed in a specific

BASIC PRINCIPLES

compared to the human pilot of an airplane. As direction on orders from the fire control coma pilot guides his plane to the landing field, the puter. This establishes the line . of sight
guidance system guides the missile to the target. (trajectory or flight path) along which the misUsing an optical device, the guidance system sile must fly during the boosted portion of its
"sees" the target. If the target is far away or flight. At the end of the boost period the misotherwise obscured, radio or radar beams can sile must be at the calculated point.
be used to locate it and dired the missile to it.
There are several reasons why the boost
Heat, light, television, the earth's magnetic phase is important. If the missile is a homing
field, and loran have all been found suitable for missile, it must "look" in the predetermined
specific guidance purposes. When an electro- direction toward the target. The fire control
magnetic source is used to guide the missile, computer (on the ship, or plane, or ground
an antenna and a receiver are installed in the station) calculates this predicted target position
missile to form what is known as a sensor. The on the basis of where the missile should be at
sensor section picks up, or senses, the guidance the end of the boost period. Before launch, this
instructions. Missiles that are guided by other information is fed into the missile.
than electromagnetic means use other types of
When a beam-riding missile reaches the end
sensors.
The operation of the guidance and control of its boosted period, it must be in a position
system is based on the Closed-loop or servo where it can be captured by the radar guidance
principle. The control unity make corrective beam. If the missile does not fly along the
accurately
adjustments of the missile control surfaces prescribed launching trajectory as
position
to be
as
possible,
it
will
not
be
in
when a guidance error is present. The control
captured
by
the
radar
guidance
beam
to
continue
units will also adjust the control surfaces to
stabilize the Milibile in roll, pitch, and yaw. its flight to the target. The boost phase guidance
GuidanCe and stabilization are two separate System keeps the missile heading exactly as it
processes although they occur simultaneously. Was at launch.
.

,

PHASES OF GUIDANCE

1A4

Missile guidance is generally divided into
three phasea.bOost, midcourse, and terminal.

During the boost phase, in some missiles
(fig. 6-1), the missile's guidance systemandthe
aerodynamic surfaces are locked in position.
Sonte missiles (for example, Talos) are guided
during the boOst phase.
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Figure 6-1.Guidance.phases of missile flight.
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time. During this part of the flight, changes.
may be required to bring the missile onto the
The., second, or midcourse -phase Of gut& desired
and to make certain that it
ance is often the, longest in both distance and stays on-course,
that bourse.:
this guidance

.
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a control sephase, information can be supplied to the mis- into usable form, and activate
the
flight
control sursile by any of several means. In most cases, quency that will move forms) on the missile.
the midcourse guidance system is used to faces (or other control
the control and
place the missile near the target, where the It is difficult to separate
However,
the flight conguidance
operations.
system to be used in the final phase of guidstability.
trol
section
is
concerned
with
flight
ance can take over. But, in some cases, the Missile" accuracy is primarily a function of the
midcourse guidance system is used for both
guidance section. Missile reliability depends
the second and third guidance phases.
on both sections. We will list the components
and briefly describe the basic itmction of each
TERMINAL PHASE
before going into the individual types of guidance systems. The components of the control
system were described in chapter 5.
importance
The terminal phase is of great
because it can mean a hit or a miss. The last
phase of missile guidance must have high ac- SENSORS
curacy as well as fast response to guidance
signals.
In some respects, the sensor unit is the
Near the end of the flight, the missile may
most important section of the guidance system
lack the power necessary to make the sharp because
it detects the form of energy being
turns that are required to overtake and score
to guide the missile. If the sensor unit
a hit on a fast-moving target. In order to de- used
fails,
there can be no guidance.
crease the possibility of misses, special sysThe
of sensor that is used will be detems are used. These systems will be de- terminedkind
by
such
factors as maximum operatscribed in the following chapters.
range, operating conditions, the kind of
In some missiles, especially short-range ing
information eeded, the accuracy required,
missiles, a single guidance system may be viewing
angle and weight and size of the senused for all three phases of guidance. Other
sor,
and
the type of target and its speed.
missiles may have a different guidance system
Sensors
used in the control system were
for each phase.
described in chapter 5, and included gyros,

pickoff systems, altimeters, and air-speed

COMPONENTS OF GUIDANCE SYSTEMS

The units of the guidance system may be
located in the missile (active and passive
homing, inertial), or they may be distributed
between the ship and the missile (beam-riding
and semiactive homing).

transducers.
Guidance sensors depend on some form of
electromagnetic radiation, which Includes the
entire range of propagationM by electric and
magnetic fields. The range includes gamma
rays, X-rays, ultraviolet rays, infrared rays,
radar, and radio rays. Missiles use light,
infrared, radar, and radio rays.

All radiations may be considered as a

GENERAL REQUIREMENTS

A missile guidance system involves a means

method of transmission of energy. All electromagnetic radiations propagate through space
at the peed of light, which is approximately
3 x 101u centimeters per second (cm/sec), or
186,300 miles per second. In other materials,
such as glass or water, the speed is less.
By including devices within a guided missile
that can detect the presence of electromagnetic
radiations, several different types of guidance
methods have been developed. The devices in

of determining the position of the missile in
relation to known points. The system may
obtain the required information from the missile itself; it may use information transmitted
from the launching station or other control
point; or it may obtain information from the
target itself. The guidance system must be the missile that detect the electromagnetic
stable, accurate, and reliable.
under the general heading of
In order:, to achieve these :basic' requirev4 radiations come
Following
are brief descriptions of
ments,-the guidance system. must contain com- sensors.
several
types
of
such
sensors.
The advantages
-- --ponnt*S-that will pick up guidance information
and
disadvantages
of
each
will
be covered in
from some Source;'. convert. the information
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the discussions of the guidance system in which
each is used, although some will be mentioned

here.

Light-Sensitive Sensors

At about the end of the 19th century, Hertz
discovered that electrons were ejected from
certain metallic surfaces when these surfaces
were exposed to light. From this discovery
emerged the photoelectric cell. The photoelectric cell shown in figure 6-2 represents a
practical light sensor for missile guidance.
The cell is composed of a light- sensitive cathode
and an anode. These two elements are covered
with a clear glass bulb. The unit is about the
size of the average radio tube. As light waves
impinge on the surface of the cathode, the
cathode emits electrons. These electrons are
collected on the anode, resulting in a current
flow through the circuit. By installing appropriate pickoffs which detect the direction of a
light source, a missile may be made to home
(or guide) itself toward a light-emitting target,

such as a factory, city, aircraft, or enemy

ship. Modern photoelectric cells are quite
sensitive to light variations, but, because light
is easily interrupted, the system is subject to
interference.
Another device which may be thought of as
a light sensor is a television camera. Installation of a television camera and transmitter in

a missile provides a means of guidance based
on a continuous picture of the target which is
relayed to a remote control point.
There are several very serious disadvantages associated with the light-seeking sensor

devices. The first and most important is that
the target must be optically visible. If the
target is obscured by clouds rain, snow, etc.,
the light-seeking sensors will be ineffective.
The fact that light sensors cannot discriminate
between light sources with any degree of certainty is also a handicap. A disadvantage of
television as a guidance device is the fact that
television is technically complicated. Furthermore, television equipment places large space
and weight requirements on a missile. Another
serious disadvantage of the light-seeking sensors is that they can be jammed with relative
ease. For example, if the lights in the target
(ship, plane) were turned off, the missile would
be unable to reach the target. In view of these
disadvantages, light-seeking sensors are not
presently used in guided missiles which depend
on the target for a source of light. They are
used in the celestial guidance method, however,
which will be discussed later.
Infrared (Heat) Sensors

The infrared portion of the electromagnetic

spectrum offers another means of missile
guidance. All objects on earth radiate some
heat energy in the form of electromagnetic
waves. Devices which can sense this radiated
heat energy are installed in some guided missiles to enable them to home on targets which
radiate significant amounts of heat.
Actually, the principle involved is not unlike

that of the photoelectric cell just described.
The invisible infrared radiation causes certain
substances to produce an electron flow in the
same manner as does visible light. By carefully controlling the sensitivity of infrared
seekers (sensors) they may be used very successfully in missile guidance. Control of sensitivity is extremely important since the

heat-seeking missile must be able to discriminate between the target and background sources
of heat radiation.
Heat, or infrared sensors use an active element called a THERMOCOUPLE, or an element
known as a BOLOMETER. Either sensor may

be used with a lens and reflector system.
Missiles which :depend on detection of in-

uGHT

frared radiations are very suitable for use
against air targets. The propulsion systems of
missiles and conventional aircraft radiate tre-

PIN

Figure 6-2.A photoelectric cell.
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mendous amounts of heat in comparison with
background radiation. The fact that these
'dunes; of heat radiation cannot be turned off
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gives infrared guidance a distinct advantage
over the visible light sensors. In addition to
use against air targets (fig. 6-3), the infrared
method is adaptable to effective use against
industrial areas and military installations. In
the latter application, however, it is possible to
decoy a heat-seeking missile by starting fires
at some distance from the target.
Radio Sensors

Radar Sensors
Shortly after World War II began, adetection
system known as RADAR (RAdio Detection And
Ranging), was developed. It was used with great
success in piloting and target detection during
and after World War II, and more recently has

come to provide one of the most important
means of missile guidance.
As will be shown later, certain missiles are

guided on the basis of radar energy transmitted
detected by receivers
Although radio receivers are .not commonly from control points and
Other
types of missiles
within
the
missile.
thought of as sensors, they actually pc :form the detect reflected radar energy from a target,
sensorthat
is,
they
same basic function as any
use this energy as a basis for generating
serve as energy detectors. Radio provided the and
first method of controlling model aircraft and guidance (steering) signals.
target drones. A radio-controlled model airplane was first flown successfully in 1995. Acoustic Sensors
The principle of controlling a missile or airListening as a means of target detection is
craft in flight by radio is very easy to underchiefly by submarines. Surface ships at
stand. By installing a radio receiver in the used
speed produce considerable noise. This
missile and a radio transmitter at a remote high
interferes
with their detection of the sounds
control point, we have established the necessary
made
by
other
ships, especially the low freelectromagnetic link between the control point
submarines. On the other
quency
sounds
of
and the missile. By observing the missile's hand, this difference
output enables a
flight either optically or by radar, the control submarine to detectinanoise
surface ship rather
point determines what changes are desired in
the missile flight path. The transmitter is then easily.
Acoustics or sound detection systems were
keyed in a manner representative of the desired used in earlier days for the detection and
change. The signal travels to the receiver in
These systems used
the missile and is subsequently converted into tracking of aircraft.
operated, to
large
horn
microphones,
manually
control surface movement. Although commonly
Other
devices,
approaching aircraft.
used in control of drone aircraft, radio control detect
used
by the
called
hydrophones,
have
been
is little used in present day guided missiles due Navy to determine the presence and position
to the advantages of radar in high speed missile of submarines and ships. A hydrophone is a
guidance.

INFRARED
RADIATIONS

33.91

Figure 8-30.Missile using infrared hdming method against airtarget.
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microphone that works underwater, sensing
vibrations given off by underwater targets.
REFERENCE UNITS

Selsyns (synchro pickoffs) may be used to
indicate the angular position of the flight control surfaces with respect to the missile axis.
It is also possible to use potentiometers

(variable resistors) for this purpose.

When

this method is used, the potentiometer is
The preceding chapter discussed reference fastened to the missile frame
and the poten-

units used in the control system of the mis-

sile. A quick review follows.
The signals picked up by the sensor must
be compared with known physical references
such as voltage, time, space, gravity, the
earth's magnetic field, barometric pressure,

and the position of the missile frame. The
sensor signal and the reference signal are

compared by a computer, which will generate

an error signal if a course correction is necessary. The error signal then operates the

missile control system.
Gyroscopes are used for space reference.
A reference plan is established in space, and
the gyro senses any change fromthatreference.
The earth's gravity can be used as a reference; a pendulum can sense the direction of the
gravitational force. Some gyros are arranged

for vertical reference by a pendulous pickoff
and erection system. Gyros used in this manner are called vertical gyros; they may be

used to control the pitch and roll of the missile.
An instrument called a FLUX VALVE has
the ability to sense the earth's magnetic field,
and can be used for guidance. The primary
purpose of this device is to keep a directional
gyro on a given magnetic heading. A gyro
operated in this manner may be used to govern
the yaw controls of a missile.
Barometric pressure can be used to determine altitude. A guided missile that is set to
travel at a . predetermined altitude may use an
altinteter to sense barometric pressure.

Should the missile deviate from the desired
altitude, an error signal will be generated and
fed to the control section.

Another pressure type sensor is used to

determine airspeed. It compares static barometric air pressure with ram .air pressure.
The difference between these two pressures
provides an air speed indication.
The aids of the missile frame is used as a
reference to. measure the displacement 'of the

tiometer wiper-arm shaft is moved by the
control surface.

AMPLIFIERS

The subject of amplifiers was introduced
in the preceding chapter. There are many
variations in each of the three types of amplifiers namedvacuum tube, transistor, and
magnetic.

Vacuum-Tube Amplifiers

Vacuum-tube amplifiers may be classified

according to the method of coupling used
resistance-coupled
(RC),
imp edanc e-,
transformer-, or direct-coupled. They may be
tuned, untitled, broad-band, or narrow-band
amplifiers. Tube type amplifiers may use
triodes, tetrodes, pentodes, or beam power

tubes. According to their application, they may
be audio-frequency (a-f), radio-frequency (r-f),
or intermediate-frequency (i-f) amplifiers.
Radar receivers commonly use 30 mc to 60 mc
i-f amplifiers. A discussion of electron tube
theory may be found in Basic Electronics,
NavPers 10087-A.
Vacuum tube amplifiers are often used as
voltage amplifiers. Many missile applications
require an amplifier whose output is not only
greater than the input, but also proportional
to the input. Suppose the input is 1 volt and

the output 15 volts.

Then, if the input is 3

volts the output must be 45 volts.

Most

electronic amplifiers are based on vacuum tubes.
In any vacuum-tube amplifier circuit, the
fundamental operation is the use of grid voltage
to control the flow of plate current. The
plate-current change is utilised in various
ways, giving rise to several standard classifica-

tions of voltage amplifiers. One type is a
circuit. With, the proper
missile control surfaces. (The Movement of resistance-coupled
choice of circuit components, the voltage on
the control =Steel cannot be referenced to the second grid can be many times that imthe vertical, or to a given heading, because pressed 'on the first grid. Pentode tubes are
the reference would change when the missile
.

position changes.)

normally used for resistance-coupled amplifiers
because of their higher gain.
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capabilities are not yet realized. At the present

Another type of amplifier is transformercoupled, and uses the current change in the
plate circuit. Because they give wider frequency range with transformers than other
types of tubes, triodes are normally used for
such circuits.
A third type of amplifier, rarely used, is
impedance coupled; its output voltage appears

time there are many types of transistors in

In many applications it is necessary to get
power from an amplifier, so at least the final
stage is adjusted to give power rather than a

A serious problem with transistors What of
,
unreliability at high temperatures. The use of
feedback circuits tends to stabilize the collector
current with respect to temperature. Also, they

use, and many more are being developed.
Some of the transistors that are in use are
the point contact, junction, drift, tetrode, unijunction dynistor, and surface barrier. Eachhas
its own unique characteristics, advantages, and
areas of application. The junction transistor is

across a choke or impedance coil.

the most commonly used.

voltage output. The tubes used are somewhat
larger as a rule than those of voltage circuits,
and are specially designed for large current

are ineffective at the extremely high frequencies
present in many vacuum tube circuits. However,

this problem has been largely overcome in
transistor applications in missiles. Some
modern missiles are completely transistorized.

outputs.

Transistors

The operation of transistor depends upon the

The advent of the transistor in the field of
electronics has as much significance and importance as the development of the vacuum
tube in the early days of radio. The transistor
proves that amplification, accomplished before
mainly by vacuum tubes, can take place in a
solid. This device has opened a new field of
experiment and study in "solid-state" physics.
Two scientists, John Bardeen and W. R.
Braden, working under William Shockley of
Bell Telephone Laboratories, developed the
transistor (point-contact 'type) in 1948. Later

electrical properties of a class of substances

known as semiconductors. A semiconductor tea
solid material that has greater conductivity

than an insulator and less conductivity than a
conductor. Some semiconductors are compounds, such as copper oxide, zinc oxide, indium

antimonide, gallium arsenide, and silicon carbide, while other semiconductors are elements,
such as germanium and silicon. The most common semiconductors in use at present for transistors are germanium and silicon to which
certain impurities have been added, in minute
quantities of specific materials.
Transistors are generally connected in one of
three basic circuits. These configurations are:
common-base amplifier, common-emitter amplifier, and common-collector amplifier. The
term "grounded" is sometimes used instead of
the term "common" but the element said to be
grounded is really Common to both the input and
output circuits and is not necessarily gounded.
The common-collector circuit is rarely used.
Transistors may be combined with sources of power and passive elements (resistors, in-

(1949), Bell Telephone Laboratories announced
that William Shockley had developed a junction

transistor. Since then, transistors have been

developed into practical and dependable electronic devices and the field of electronics has
rapidly expanded the use of these "solid- state"
devices.
The term transistor is coined from "TRANSfer" and "resISTOR." Transistors are lighter,
smaller, longer lived, more rugged, more efficient; and potentially _less costly than most
vacuum tubes. 'Furthermore, they require no
filament power, 4hey draw comparatively small
currents in operation, and they generate neg-

ductors, and capacitors) to form transistor

ligible amounts of heat. Another advantage is that

circuits of many forms which are used for gen-

the application of operating voltage because the
transistor does not require preheating, and consuites no standby polder.
BeCausethetransistor is a solid,At can withstand the forde of acceleration and deceleration many times that of the force of gravity.
Many new circuit ideas have been developed
from the use of the transistor, but its full

electrical signals. Many transistor circuits are
similar to vacuum tube arrangements, but much

the transistor is ready to operate instantly at eration, amplification, shaping, and control of

156

more is involved than merely replacing the electron tube with a transistor.

For information on atomic structure and

valence bonds in transistor materials,types and
combinations of Materials, operations of circuits, uses of transistors as audio amplifiers,
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cascade amplifiers, diodes, triodes, and oscillators, see Basic Electronics, NavPers 10087-A.
For a less comprehensive coverage, see Introduction to Electronics, NavPers 10084; it
describes the principles of operation of tran-

COMPUTERS

A computer is necessary in missile guidance

systems in order to calculate course corrections rapidly. In one type of missile the com-

sistors.

puter is simply a mixing circuit. On the other

hand, the computers used at launching sites may
be large consoles performing many calculations.
Computers have been mentioned in several
Magnetic amplifiers are not new devices by
places
in the text, and chapter 5 gave a brief
any means, having been reported in use over description
of the two general types of comfifty years ago. A magnetic amplifier is es- puters, digital
and analog. Either. or both may
sentially a device which controls the a-c re- be used in missiles.
In the Polaris missile,
Magnetic Amplifiers

actance of a coil by utilizing a d-c signal to for example, the
electronics package is in
modify the permeability of the magnetic material
essence an analog computer. It responds in a
upon which the coil is wound.
manner to input signals from a variety
In the early stages of development this basic linear
of
sources,
for example, the various gyros in
idea was incorporated into devices, usually the missile. The
computer generates commands
designated as saturable reactors, and used to (based on the input
information) which are fed

control large electrical loads such as theatrical to the flight control electronics
package, where
lighting and electric furnaces. However, theuse the pulses are converted
into signals that cause
of the SATURABLE REACTOR, the heart of the
magnetic amplifier, was limited in its ability to the flight controls to maneuver the missile as
commanded. Pitch, roll, and yaw of the missile
control the load until the recent development of are
controlled by such commands. The comimproved magnetic materials and efficient mands
are a series of digital pulses which are
metallic rectifiers. The utilization of these im- converted
analog information in the autopilot
proved materials resulted in the use of the and causetothe
pitch, roll, or yaw maneuvers.
saturable reactor in more elaborate circuits
In
an
electronic
and led to the distinguishing term MAGNETIC and output variablesanalog computer, the input
are represented by voltamplifier.
and the computations are performed by
Many different trade name devices, such as ages,
electronic circuits.
self-saturating magnetic amplifiers, Magamps,
Transductors, and Amplistats, have been used
to identify the more elaborate saturable reactor Specific Differences Between Analog
circuits.
and Digital Computers
The advantages of the magnetic amplifier are
based principally on tie fact that it.is a comINPUT.The input to the analog computer
pletely static device. With the exception of the is never
absolute number, and an approximate
rectifiers used, its mechanical construction 10 position an
on a continuous scale. Thus, it is imcomparable to that of an iron-core transformer. possible to set the potentiometer
dial at exactly
There are no contacts, moving parts, filainents,
ohms; there is always some error, no matter
or other features which account for Most of the 75
small. On the other hand, the number fed
failures associated with othertypes of amplifiers how
into
the
computer is precisely the one
(except for those using transistors). The need desired; digital
no
more,
no less.
for frequent inspection and maintenance is cut
OUTPUT.The
output of an analog computer
to a minimum. The life of the magnetic am- 15 never an absolute
number, but an approximate
plifier is more or less indefinite, and it is position on a continuous
scale. The digital comespecially suited for shipboard installation puter, however, produces
a specific series of
where there are adverse operating conditions digits for an output.
such as vibration and shock.
SPEED.Most analog computers will proIn order to understand the theory of agnetic duce
an answer as soon as you have put in the
amplffierS, it 15 necessary that youtpossess a problem.
ability is vital in military operaknowledge of magnetism and magnetic circuits. tions suchThis
as
fire
control,
This information maybe foundin the Nary Train- much time to compute the where there is not
position of a flying
ing Course Basic Electricity, NavPers 10088-A.

target.
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new missile designs without building actual
procedure results
ously. It produces an answer some time after prototype missiles, and thisboth
time and money.
in
a
considerable
saving
in
don't
think
that
the problem is fed to it. But
A digital computer does not work instantane-

this makes it a slow machine. The "some time

CONTROLLERS AND ACTUATORS

after" may be a few millionths of a second.

However, because the digital computer must do
arithmetic, there is always a time lag between
problem and solution.

If a missile wanders off its proper course,
this fact will be detected by the sensing mechanism previously described. The computer
within the guidance system will evaluate the
Classification of Computers
information provided by the sensing mechaComputers may also be classified physically nisms, determine the direction and magnitude
and
and functionally. Physically, computers are of the error in missile course or position,
produce
a
suitable
error
signal
output.
classified as mechanical, electrical, and elecAt this point, the functions of the guidance
tromechanical computers. The classification of
and
control systems overlap. The primary
type
of
analog computers is determined by the
is to correct
computing elements used. These computing purpose of the control system
missile.
The prierrors
in
the
attitude
of
the
elements may be mechanical, electromechanisystem
is to
mary
purpose
of
the
guidance
cal, or electronic. Mechanical elements used
Both
correct
errors
in
the
missile
flight
path.
in the mathematical processes include differtypes
of
error
are
corrected
in
the
same
way:
entials, linkages, cams, slides, multipliers,
flight-control surfaces
and component solvers. Most explanations of by moving the missile (jetevators,
jet vanes).
computer basics use the mechanical type because or the jet controls
Movements
are
governedby
the
same
controllers
it is easier to illustrate graphically, and easier
and
actuators,
regardless
of
whether
the error
to understand.
is
developed
by
the
guidance
or the
signal
In electromechanical computers, the mathecontrol
system.
matical processes are performed by using combinations of electrical signals and mechanical
motions. Synchros, potentiometers, and re-. FEEDBACK SYSTEMS
solvers are examples of partnused. Mechanical
The final section of a guidance system is
displacements (as of shifts and cams) are
known
as a "feedback" or "followup" unit,
converted into voltages.
Electronic computers use only electrical also called a closed-loop system. This unit
voltages to perform the computations. Ampli- measures the position of the flight control
the

surfaces or jet controls in relation to

fiers, summing networks, and differentiating and

integrating circuits are components used in

electronic computers. Lightness, compactness,
and speed of computation are achieved more

easily with electronic computers than with
mechanical ones. Therefore, the trend in

development of computers has been toward the
electronic type. Vacuum tubes were a frequent
source of failure, but this trouble has been
largely eliminated by the use of transistors in
place of the vacuum tubes.
A type of electronic analog Computer that
has proved useful in missile design is the
DIFFERENTIAL ANALYZER. This device is
sometimes called a SIMULATOR, because it

reference axis of the missile, and compares
this value with the error signal generated by
the computer.
Without the followup signal, there would be
nothing but the varying air pressure to prevent

the flight control surfaces from 'swinging to
their maximum limits any time the sensor
caused an error signal to be generated. By

using feedback, the deflection of the flight control surface can be made proportional to the
size of the error. The feedback loop thus

gradually returns the flight control surfaces
to neutral as the error is corrected.
To accomplish these results, the feedback

is used to oppose the error signal.
can be given, electrical inputs that simulate signal
When
the
feedback signal becomes as large as
both the characteristiek of a propOled missile
and the conditions under' which it *ill operate. the error signal, no further deflection of the
the
The action of the computer will thenahow how flight control surface takes place becausetheir
two
signals
are
equal
and
opposite,
and
the proposed missile Will perform under the
specified conditions. It is thus possible to test suit is zero.
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If the error signal voltage is large, a large
deflection of the flight control surface can
take place before the feedback signal voltage
becomes strong enough to exactly equal the
error signal.
As the missile approaches the desired
course, the error signal becomes less than the
feedback signal, and the resultant voltage difference reverses polarity. The reversal in polarity moves the flight control surfaces in the

opposite direct n until they are in neutral. This
action is smooth and rapid, and cannot be duplicated by systems that use ON-OFF switching.
Fo llowup loops were described and illustrated with block diagrams and schematics in
chapter 5. Figure 6-4 shows a block diagram

types of guidance followed by a history of the
development of guidance systems. The guidance
system is an important part in the descriptions
of the individual missiles. At the beginning
of this chapter, we classified missile guidance
systems into two broad categories: missiles
controlled by manmade electromagnetic devices,
and those controlled by other means.
All of the missiles which maintain electromagnetic radiation c o n t a c t with manmade

sources may be subdivided into two further

categories.
1. Command guidance missiles
2. Homing guidance missiles
Command guidance missiles are those which
are guided on the basis of direct electromag-

of a servomechanism loop from a computer netic radiation contact with friendly
(followup unit is a colloquialism for servo- points. Homing guidance missiles control
are those
mechanisms). The error detector computes a which are guided on the basis of
direct
electrovoltage proportional to the error. This error magnetic radiation contact with
the
target.
voltage is damped in the controller, amplified Command guidance generally
depends on the
by the amplifier, and finally supplied to the use of radio or radar links between
a control
servomotor for its control, The mechanical point and the missile. By use of guidance
output is furnished by the motor and drives the formation transmitted from the control inpoint
rate generator. From this generator a voltage via a radio or radar link, the missile's flight
proportional to the output velocity is supplied to path can be controlled.
the controller. After being modified by the

computing elements in the controller, the modified 'Voltage is combined with the error voltage
to stabilize operation and increase the accuracy
of the servomechanism.
TYPES OF GUIDANCE SYSTEMS

The subject of missile guidance was introduced early in chapter
with a listing of the

RADAR COMMAND GUIDANCE

Radar command guidance may be subdivided

into two separate categories. The first category
is simply referred to as the command guidance
method. The second is the beam-rider method,
which is actually a modification of the first, but
with the radar being used in a different manner.

I

roilRATE

ERROR

SIGNAL

CONTROL
VOL

GENERATOR

I

INPUT

DAMPED CONTROL
SIGNAL
.

FEEDBACKqtlECHANICAL OR ELECTRICAL

FEED.
BACK
DEVICE

I

Figure 6-4.Complete servomechanism loop block diagram for a computer.
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RADIO COMMAND SYSTEMS.

Radio has

been used as a guidance link for such pur-

poses as model airplane flying, steering model
boats and cars, controlling target drones, and
even for maneuvering old battleships during
bombing tests. Therefore, when the question
of command guidance for missiles came up,
radio was among the first methods used. But
once a radio command system was developed,
a new problem arosethat of keeping track of

MISSILE

0

the missile when it was beyond the range of
normal vision. Radar can locate objects not
visible by ordinary means.
COMMAND GUIDANCE

The term COMMAND is used to describe a
guidance method in which all guidance instructions, or CoMmands, come from sources out-

side the missile. To receive the commands,
the missile contains a receiver that is capable
of receiving instructions from ship or ground
stations or from aircraft. The missile receiver then converts these commands to guidance information, which is fed to the sections
following the sensor unit.
In the command guidance method, radar is
used to track the missile and the. target. Guidance signals are sent to the missile by varying
the characteristics of the missile tracking radar

beam, or by the use of a separate radio trans-

mitter. Figure 6-5 will give you an idea of how
this method works in actual practice. As soon
as radar #1 in the figure islocked on the target,

tracking information is fed to the computer.
The missile is then launched and is tracked by

radar #2. Target and missile ranges, eleva-

tions, and bearings are continuously fed to the
computer. This information is continuously
analyzed by the computer, which determines

the correct flight path of the missile. The

COMMAND

TRANSMITTER

MISSILE

TRACKER

COMPUTER

TARGET
TRACKER
rI

33.92

Figure 6-5.Command guidance system.

is that the characteristics of the missile tracking radar beam are not changed in the beamrider system. Rather than sending individual

orders to the missile via the tracking beam,

the missile has been designed so that it is able
to formulate correction signals on the basis of

its position with respect to the radar scan
axis. Usually, only one radar is used in beamrider systems. Therefore, this method lends
itself extremely well to shipboard use.

guidance signals generated by the computer
are sent to the missile via either the missile

k computer in the missile keeps it centered
in the radar beam. It locates the center of the
tracking radar or a radio command trans- beam and sends the necessary signals to the
mitter. They are subsequently converted into control system to remain in it. The radar
correction signals by the missile computer systeM keeps the beam pointed at the target
network. The resulting control surface move- and, if desired, several missiles may "ride"
ment citifies collision with the target.
the beam. simultaneously.. Figure 6-6 illusThe radar command guidance method can trates a simple beam-rider guidance system,.
be used in ship, air, or ground missile deliveiy a tyPical line of sight (LOS) course. The acsystems.
curacy bf this system decreases with range
because the radar beam spreads out and it is
BEAM-RIDER METHOD
more difficult for the missile to remain in its
The main difference between thebeam-rider center. If the target is moving, the missile
method and the radar command guidance method
.

16

must follow a continuously changing path, which
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TRACKING AND
GUIDANCE BEAM
BOOSTER
SEPARATION
POINT

TARGET
TRACKING

MISSILE

a GUIDANCE
RADAR

BOOSTER

BEAM -RIDER MISSILE-BOOSTER
COMBINATION

Figure 6-6.Simple beam-rider guidance system.

causes it to undergo excessive transverse
accelerations.
A modified beam-rider system uses two
radars, a target-tracking radar
and a missile
guidance radar (fig. 6-7). The target-tracking

system within the missile must interpret the
information and then formulate its own correction signals. The missile is said to "ride"
the beam to the target.

radar feeds target data into a computer, which
calculates a collision point at which the missile
will 'intercept the target. The second radar is

pointed toward the calculated collision point
and the missile follows this beam.
The
modified-beam-rider system requires equipment that is too large and complex for aircraft
use, but is used on shipboard.
Modified beani-rider systems are similar
to command guidance systems. In both systems, target information is collected and analyzed by suitable devices at the laUnching point
or other control point, rather than by devices
within the missile. In both systems, the missile
makes use of the guidance Signals transmitted
from the control point.
The principal difference between radar command gUidance and.beam-rider guidance is that
in the command Stem the, giiidanCe .sigaals
are specific coinmands to the missile, to, "turn
left," ::"turn ;right," etc., the , Cont041,. tradesitter of a beaM4ider, guidance gyitem trans..
Mita MAY information, not Cominande:.
indicates the :'diiection Of the target or,. the
calculated point of interception. The jUidinie
.

.

.

.

.

12.32

Hyperbolic Guidance

Another command guidance method is the
so-called hyperbolic guidance. This method
was designed primarily for long-range surfaceto-surface missiles. It depends on the loran
principle. A loran system is a modern elec-

tronic aid to navigation which was developed
primarily for long-range navigation over water.
The system requires at least two transmitting
stations. These two stations are separated by
a distance of several hundred
miles, and the
geographic location of eachstation is accurately
pinpointed. The principle of loran is based on
the difference in time for pulsed radio signals
to arrive at a given point from these stations.
The, missile makes flight path corrections
the basis of the time difference of reception on
of
these "Master" and "Slave" signals emanating
from the two fixed transmitting stations. Corrections, are made only in azimuth by this
rnethOds
The hyperbolic guidance system has not
been ;used in any missile and will therefore
not be explained in detail.
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Figure 6-7.Modifted beamrider guidance,
infrared is commonly used in passive homing
against air targets.

HOMING GUIDANCE

' Homing guidance systems contvOi the path

of the missUe by a device in the missile that
'diatingnighing feature of the
reacts to
target, The homing device; usualty United in

the 'nose; 'Maeda .tionte.tYpe Of Atc4nt1on given
off by-the target.: 'Homing guidattee depends
upon. the .hiiiirtenitnee of electroniagnetic radiation colitict" between the Itdi6eile and 'the
.gaidande Inethods.MaY be

divided : into three types:
8EMIACTWB !joining.;

(fig. '24)4 All.three

ACME hereitie,

;PAStr.Vic ncming

ACTIVE HOMING.In active homing, the
rdso4.2:: contains both a radar transmitter and
receivtk. With the transmitter it sends signals
to. 'strike' the target. A nose antenna receives

the return signal reflected from the target.

From the tithe Uttered between the transmitted
and received "Pitlies, the computer calculates
the dig:tined to the target. The missile is able

to track' the target and generate its own corriction signals 'oh the basis of the tracking
Worn:lath:O.
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REFLECTED

described earlier provide means of passive
homing. Missiles may also be made to home
on radar or radio radiations emanating from
ships, aircraft, etc. Television is another
homing guidance medium which, while otherwise suitable for this purpose, has limited

TARGET

RADAR
SIGNALS

value because it can be used only in daylight,
and only when visibility is good. One of the
most common uses of passive homing is in
air-to-air missiles which depend on heat sensors. As in the other homing methods, the
missile generates its own correction signals
on the basis of energy received from the
target rather than from a control point.
Horning is the most accurate of all guidance
systems because it uses the target as its
source for guidance error signals. Its superior
accuracy is shown when used against moving
targets. There are several ways in which the

RADAR WAVES
FROM MISSILE
MISSILE

A

;\

TARGET

RADAR WAVES
FROM LAUNCHING

PLANE

,/

homing device may control the path of a missile
against a moving target. Of these, the more
generally used are PURSUIT homing and LEAD
homing. These will be discussed in the chapter
on homing guidance.

MISSILE

REFLECTED

-RADAR
SIGNALS

COMPOSITE SYSTEMS
B
TARGET
INFRARED WAVES

FROM TARGET

MISSILE

144.34

Figure 6-8.Homing guidance: A. Active horning; B. Semiactive homing; C. Passive homing.

SEM1ACTIVE HOMING.In semiactive hom-

Inc the target is illuminated by a tracking
radar at the launching site or other control

No one system is best suited for all phases
of guidance. It is logical then to combine a
system that has excellent midcourse guidance
characteristics with a system that has excellent terminal guidance characteristics in order
to increase the number of hits. Combined systems are known as composite guidance systems,
or combination systems.
Many missiles rely on combinations of the
various types of guidance. For example, one
type of missile may ride a radar beam until it
is within ri certain range of a target. At this
time the beam-rider guidance may be terminated
and a type of homing guidance commenced.
The homing guidance would then be used until

impact with the target or detonation of a
proximity-fuzed warhead.
CONTROL MATRIX.When composite sys-

tems are used, components of each system
point. The missile is equipped with a radar must be carried in the missile. Obviously,
receiver (no transmitter) and, by means of the the sections must be separated so there is no
between them and yet be located
reflected radar energy from the target, formu- interaction
close
to
the
circuits they are to control. In
lates its own correction signals as in the active
addition,
some
provision must be made to
homing method.
-44'

_

PASSIVE ROMING.i-Passive homing depends

Only on the target as a source of electromagnetic radiations. The heat and light sensors

switch from one guidance system to the other.
Control of the missile guidance system

may come from more than one source. A
signal is set up to designate when one phase
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the control equipment is inside
of guidance is over and the nekt phase begins. is used, all ofThis
means that before the mismissile.
This signal may come from a tape, an elec- the
information relative to
tronic timing device, or from a radio command. sile is launched, all trajectory the missile
target
location
and
the
The device that switches control systems must follow to strike the target must be calcuis called a control matrix. It automatically
After this is done, the missile guidance
transfers the correct signal to the control lated.
must be set to follow the course to the
system regardless of conditions. If the mid- system
target, to hold the missile at the desired alticourse guidance system should fail, the matrix tude, to measure its air speed, and, at the corswitches in an auxiliary guidance system to rect time, cause the missile to start the termihold the missile on course. Should the original nal phase of its flight and dive on the target.
midcourse guidance system become active
major advantage of preset guidance is
again, the matrix will switch control from the thatAonly
limited countermeasures can be used
auxiliary back to the primary system.
it. One disadvantage is that after the
If the target uses jamming devices the -against
is launched, its trajectory cannot be
matrix can switch to another guidance method, missile
changed
that which has been preset at
even in the terminal phase of flight. Several the launchfrom
It is relatively simple compoint.
of our missiles have such sophisticated guidance pared to other types of guidance; it does not
systems.
require tracking or visibility.
HYBRID GUIDANCE.A combination of coin
An early example of a preset guidance syshoming
guidance
mend guidance and semiactive
was the German V-2, where range and
is termed hybrid guidance. It achieves many tem
bearing
of the target were predetermined and
advantages of both systems. It attains long-. set into the
mechanism. The earliest
range capabilities by maintaining the tracking mod of thecontrol
Polaris missile was designed to
sensors on the delivery vehicle (ship, aircraft, use preset guidance
during the first part of its
or land base) and transmitting the data to the flight, but this was soon modified to permit
missile. By having the missile compute its changing the course during flight.
own weapon line drive orders, the entire
The preset method of guidance is used
mechanization of the fire control problem can
only against stationary targets of large size
be 'simplified.
such as land masses or cities. Since the
Some texts call the beam-riding guidance guidance
information is determined completely
sYstem a hybrid system. The modified beam- prior to launch,
this method would, of course,
rider system is similar to command systems not be suitable for
use against ships, aircraft,
with the conunands , being used to position the
moving
land targets.
enemy
missiles,
or
antenna of the guidance beam rider and thus
directing the missile to the predicted point of Navigational Guidance Systems
collision. The missile must determine its
location with respect to the beam and must
When targets are located at great distances
move to keep itself in the center of the beam. from
the launching site, some form of navigational
guidance must be used. Accuracy at
SELF-CONTAINED GUIDANCE SYSTEMS
long distances is achieved only after exacting
comprehensive calculations of the flight
The self-contained group consists of the and
have been made. The mathematical equaguidance systems in which all the guidance and path
for. a navigation problem of this type may
control equipment is entirely Withinthe missile. tion
contain
factors designed to control the moveSome of the systems of this type are: PRESET,
ment
of
the missile about the three axes
TERRESTRIAL, INERTIAL, and CELESTIALpitch,
roll,
and yaw. In addition, the equation
NAVIGATION. These systems are most comcontain factors that take into account
monly. applicable to surface-to-surface mis- may
acceleration
due to outside forces (tail winds,
siles, and ; countermeasures are ineffective for example) and the inertia of the missile
against theni. The system neither transmits itself. Three navigational systems that may
or receivesiignals that can be jammed.
be used for long-range missile guidance 'are
inertial, celestial, and terrestrial.
Preset Guidance
INERTIAL GUIDANCE.The simplest prindescribes
The term PRESET completely,
ciple 'for" guidance is the law of inertia. In
one guidance nlethoci: When preset guidance
160
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aiming a basketball at a goal, you attempt to
give the ball a trajectory that will terminate
in the basket. In other words, you give an
impetus to the ball that causes it to travel the
proper path to the basket. However, once you
have let the ball go, you have no fu;ther control over it. If you have not aimed correctly,
or if the ball is touched by another person, it
will miss the basket. However it is possible
for the ball to be incorrectly aimed and then
have another person touch it to change its
course so it will hit the basket. In this case,

the second player has provided a form of guidance. The inertial guidance system supplies
the intermediate push to get the missile back
on the proper trajectory.
The inertial guidance method is used for the

same purpose-as the preset method and is
actually a refinement of the preset method. The
inertially guided missile also receives pro-

An accelerometer, as its name implies, is
a device for measuring the force of an acceleration. In their basic principles, such de-

vices are simple. For example, a pendulum,
free to swing on a transverse ;xis, could be
used to measure acceleration along the foreand-aft axis of the missile. When the missile

is given a forward acceleration the pendulum
will tend to lag aft; the actual displacement of
the pendulum from its original position will be
a function of the magnitude Of the accelerating
force. Another simple device might consist
of a weight supported between two springs.
When an accelerating force is applied, the
weight will move from its original position in
a direction opposite to that of the applied
force. The movement of the mass (weight) is
in accordance with Newton's second law of
motion, which states that the acceleration of a
body is directly proportional to the force applied, and inversely proportional to the mass

grammed information prior to launch. Although of the body.
there is no electromagnetic contact between the
A simple illustration of the principle inlaunching site and the missile after launch, the volved
in accelerometer operation is the action
missile is able to make corrections to its flight of the human
in an automobile. If an
path with amazing precision controlling the automobile is body
subjected
to acceleration in a
flight path with ACCELEROMETERS which are
forward
direction,
you
are
forced backward in
mounted on a gyro-stabilized platform. AU the seat. If the auto comes
to a sudden stop,
in-flight accelerations are continuously meas- you are thrown forward. When
the auto goes
ured by this arrangemlittr and the missile into a turn,
you
tend
to
be
forced
away from
generates corresponding correction signals to the direction of the turn. The
maintain the proper trajectory. The use of ment is proportional to the amount of moveforce causing the
inertial guidance takes much of the guesswork acceleration.'
The direction of movement in
out of long-range missile, delivery. The un- relation to the auto-is
opposite to the direction
predictable outside forces working on the mis- of acceleration.
)
sile are continuously sensed by the acceleromIf the acceleration along the fore-and-aft
eters. The generated solution enables the
constant, we could determine the
missile to continuously correct- its flight path. axiswere
speed
of
the
missile at . any instant simply by
The inertial method has proved far more multiplying the
by the' elapsed
reliable than any other long-range guidance time. However,acceleration
the
acceleration
may change
method developed to date.
considerably over a .period of time.. Under
these conditions, integration is necessary to
Inertial guidance is so accurate that the determine .the speed.
submarine Nautilus, on its first cruise under
If the missile speed were constant, we
the polar ice cap, was able to use an inertial. could
caleulate the distance covered simply by
navigation system that was originally devel-. multiplying
by time; But because the
oped. for use in long4range guided missiles. acceleration.speed
varies,
the speed also varies.
ACCELEROMETERS...4%e' imart of the For that reason,
a
second
integration is nec-.
inertial navigation Systeni forships and missiles essary.
is an arrangenient of aCCeleirOineters which will
moving element 'of the accelerometer
detect any change in Vehicular.. motion. To canThe
be
connected
understand the use of accelerometers *inertial variable inductor to a potentiometer, or to a
core, or to some Other deguidance,. let us first examine the principle vice capable of producing
a voltage proporof, accelerometers iti general Winne.
tional'. to the displacement

of 'the element.
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Figure 6-9.Accelerometers in guided missiles.

Figure 6-10 shows a mass suspended by
one spring in a liquid-damped system. If the
experiences an acceleration in the direcdistance traveled by the missile in three case
the spring will
altitude, and azimuth. tion indicated by the arrow,
proportional
to the
offer a restraining force
(fig. 6-9). Double- integrating accelerometers downward displacement of the mass. The
are devices which are sensitive to accelera- viscous fluid tends to oppose the movement of
tion, and by a double-step proCess measure the mass, and therefore damps its action and
distance. These measured distanceS are-then prevents its oscillation. By including an eleccompared with the desired distances, which trical pickoff in the system, we can measure
missile is
are preset into the: missile;- if thesent
to the
off course, correction signals are

Usually there are three double-integrating
accelerometers continuously measuring the

control system.
ACcelerometers are sensitive to the ac-

celeration of gravity as well as missile acaccelerocelerations. For this reason, the
meters which measure range and azimuth
distances must be mounted in a fixed position
with respect. to the pull of gravity. This can

be done in a moving missile by mounting.
them on a platform which is stabilized by
gyroscopes or by star-tracking telescopes.
This platforni, however, must be moved as the
missile passes over the earth to keep the
sensitive axis of :each' accelerometer in a
fixed position with respect to the Pull of gravity.
These requirement's cause the accuracy of the

inertial system to.; decrease as the time of
flight of the missilekincreases.
.

.

Unwanted:: oticillatiOns,', a
To
DAMPER, is included in the aCcelerometer
unit. The din** effort ishoUld be just great
enough to. prevent any oscillations from4 Oc-

curring but still permit azigniffaant.displaceMe*, of .the

,

When thiS. nonditiOn exists.,

33.131

the movement: of Ithe .mass",4iill, be exactly

Figure 6-10.Liquid-damped system.

proportional to the acceleratione of the vehicle.

F
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the displacement of the mass, Which is pro- The strain gauges form the arms of a bridge.
portional to 'force and acceleration.
A change of acceleration causes a change of the
Figure 6-11 shows a system which is elec- electrical resistance of the
circuit, giving an
trically damped. The mass (m) is free to a-c output that is an indication
of the acslide back and forth in relation to the iron core celeration.
(c). When the vehicle experiences an acceleraStill another type of
is the
tion, the voltage (e), which is proportional to the manometer. In this type accelerometer
(fig.
6-12),
acceleradisplacement of the mass, is picked off and tions are measured by the

flow
amplified. The current (1) (still proportional to toward one or the other end ofelectrolyte
the manometer.
mass displacement) is sent back to the coil This action provides current control between
around the core. The resulting magnetic field pairs
electrodes. The venturi shown in the
around the coil creates a force on the mass, figureof
damps the oscillations of the manometer
which damps the oscillation. In this system by controlling the electrolyte
movement.
the acceleration could be measured by the disYou will undoubtedly run across other types
placement of the mass, by the voltage (e), or of accelerometers; however, the basic princiby the current (0.
ples will always hold.
VARIATIONS IN ACCELEROMETER DE-

SIGN.There are actually many variations in

accelerometer design. For example, one type
of accelerometer depends on a change of inductance between two electrically excited coils.
If one coil is attached to the mass and another
to the vehicle, the inductance between them
will vary due to their relative movement brought
about by vehicular accelerations.
Another accelerometer uses wire strain
gauges as the suspension elements for the mass.

CELESTIAL

REFERENCESA celestial

navigation guidance system is a syst em designed
for a predetermined path in which the missile
course is adjusted continuously by reference to

fixed stars. The system is based on the known
apparent positions of stars or other celestial
bodies with respect to a point on the surface of
the earth at a given time. Navigation by fixed
stars and the sun has been practiced for centuries and is very dependable. It is highly
desirable for long-range missiles since its
accuracy is not dependent 'on range. Figure
6-13 sketches the application of the system as
it might be used for a guided missile.
The missile must be provided with a hori-

zontal or a vertical reference to' the earth,

automatic star tracking telescopes todetermine
star-elevation angles with respect to the reference, a time base, and navigational star tables

Figure 6-11.Electrically damped
accelerometer..

33.132

33.133

Figure 6-12.Manometer accelerometer
with venturi damper.
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Figure 6- 13. Celestial guidance.
PROPORTIONAL NAVIGATION. This is a
homing guidance technique in which the missile
turn rate is directly proportional to the turn
rate in space of the line of sight. The seeker
(in the missile) tracks the target semi-

mechanically or electrically recorded. A computer in the missile continuously compares star
observations with the time base and the naviga-

tional tables to determine the missile's present
position.

From this, the proper signals are

independently from the missile maneuvers.
The control system used determines the flight

computed to steer the missile correctly toward

the target.

The missile must carry all this

complicated equipment and must fly above the
clouds to. assure star Visibility.
Celestial guidance (also-called stellar guid-

path followed by the missile.

spacecraft) interplanetary mission to the vicinity
of Mars and Venus. No guided missile system
at present uses celestial guidance.

applied in missile systems: magnetic field of

TERRESTRIAL GUIDANCE METHOD. Var ious picture and mapmatching guidance methods
have been suggested -and devised.: The principle

EARTH'S MAGNETIC FIELD

APPLICATION OF NATURAL PHENOMENA

Two types will be discussed briefly as

mice) was used Air the ..hfariner (unmanned

the earth, and Doppler effects.

Three characteristics of the earth's magnetic
field that are useful in missile guidance
is basically the sail* for all. ; It involves the
deviation,
comparison ..of a photo or map or the terrain are: (1) lines of equal magnetiC
inclination,
and
over which' the *eine is flying-With observa- (2) lines of equal magnetic intensity. The
(3)
lines
of
equal
magnetic
tions of the terrain.by optical or. radar equip- magnetic deviation or declination is the angle
ment in the missile. On the baste of the'coniparison (fig. 644); the missile is able to cause between the magnetic and the true meridians.
magnetic inclination or dip is the angle
the actual track to *nettle:NM the deSred The
from the
track. The system is, of course, quite com- from the horizOntal. The dip varies90degrees
horizontal
at
the
magnetic
equator
to
plicated and is usable only against stationary
magnetic polei3:
targets' such as large land masses and indusr at the
Magnetic
charts. of the world are available
trial areas.
ich
show
the
dip, the intensity of the horiwh
described.
in
a'
Rada'. .mapmitching will be

zontal component and of the vertical component,

later chapter.
1
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_

MAP.MATCHING EQUIPMENT IN THE MISSILE
:4'it!i5'43%*

Figure 6-14.Terrestrial guidance.
the total magnetic force, the north-south component, the east-west component, and the variation. The earth's magnetic field is subject to
changes in intensity and direction, and during
magnetic storms the changes are unpredictable.
Despite all the possible and unpredictable
variations, Magnetic devices have been used
for missile guidance. The German V-1 used

33.93

flux valve is properly aligned with the external
magnetic field, the amplitude of the second

harmonic voltage will be proportional to the
strength of that field.

In figure 6-15A and B, you will see that
the number of flux lines set up by the earth's
magnetic field will vary in three spider legs,
depending on the heading of the missile. By
a magnetic compass as part of its gUidance exciting the core with an a-c current, these
system. The magnetic compass controlled the flux lines may be caused to alternate
and
missile in azimuth only; its altitude was con- lorth across the pickoff coils. Theback
hxhiced
trolled by a barometric .altimeter, and its range current in each pickoff coil will then
be proby an air log. This ,was a relatively simple portional
to'
the
number
of
flux
lines
cutting
but rugged guidance system that. could guide that coil. The resultant of the induced currents
the missiles to a selected geographical area will be proportional to the amount of precesbut could-not pinpoint targets, and could not sion of the gyro away from
the original magbe used against moving, targets.
netic heading. Again, an amplifier and torque
A refinement of the magnetic 'compass is motor are used to exert a force on the gyro,
the flux valVe. The .Aux valve consists of the force being equal and opposite
to the force
primary and secondary windings on an iron of preceseion.
core. The primary is supplied with a-C of a
The flux valve is ,sometimes called
fixed voltage and frequency. When no external gate compass. Beeause of the physical a flux
arrangemagnetic field, isliresed, the 'device acts as a ment of the
nly one possible combinasimple .tranSformer; the freqUency of the sec- tion of voltages` will
for any given compass
ondary 'voltage is the same as that of the MOM heading. It' is a type exist
of gyrostabilized magnetic
voltage. But when an external field hi' present; compass. A gyrostabilized magnetic Compass
it Will, alternately ,add to and subtract
%rota' the

field. 'generated. by the PiiniarY-Miireid, dUising

successive 'hialiCycles. 'As' a result a second
harniOnid,. at twice the input frequency, is
supeiiraposed on the -output voltage If the

is' one in which the magnetic compass element
is stabilized by a vertical gyro so that it measures only the horizontal Component of the earth's
magnetic field. A gyromagnetic compass 'consists of A gyroscope which is positioned by a
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Figure 6-15.Flux valve: A. Missile heading north; B. Missile heiding east.
magnetic compass. Its function is to maintain
a steady directional indication.
DOPPLER PRINCIPLE

The Doppler effect is a change in the
observed frequency of sound, light, or other
waves, caused by the motion of the source or
of the Observer. A familiar example is the
increase or decrease in sound waves, as of a
train whistle. As, the train approaches, the
pitch (frequency) of the whistle increases,
and appears to decrease as the train' passes
and moves into the distance. The effect is
based on the fact that the listener perceives
as frequency the number of sound waves arriving per second. The, acoustical Doppler
effect varies With the relative motion of the

2. An optical frequency change is observable when the source or the observer moves
at right angles to the line connecting the source
and the observer. (No acoustical change in
this case.)
3. The motion of the medium through which
the waves are propagated does not affect optical frequency.
The laws affecting light and other electro-

magnetic waves, applied to radar, gave us
the Doppler radar system to measure the
relative velocity of the system and the target.

The operation of those systems is based on
the fact that the Doppler frequency shift in
the target echo is proportional to the radial
component of the. target velocity. One homing
guidance system makes use of doppler principles.
Doppler homing equipment can be divided

listener and the source, and the medium through
which the sound passes.., The optical Doppler

into: two groupsFM-CW doppler Systems,
and pulse doppler systems. There are major

effect in some wigs but is definitely different

In the FM4W system, the frequency of an

effect is similar to the acoustical Doppler
in three fundamental ways:

1. The optical frequency change does not
depend, upon whether it is the source or the
obsirirer that Is moving with respect to the
other.

differences in the circuitry of the two systems.

echiksignal has a relationship to the speed of
the target with respect to the receiving. antenna. This echo signal can be converted into
an indication of target. velocity with respect to
the missile.
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The difference between the frequency of the
selected target. At the closest approach
transmitted signal and the frequency of the the
point
to the target, the doppler shift becomes
echo is due to the doppler effect.
zero
because
'is then no relative motion
This principle is illustrated in figure 6-16. between the there
missile
the target. The
Note that the received wave from a distant zero shift can be usedand
to detonate a missile
moving object is shifted both to the right and and destroy a target that
would otherwise
upward with respect to the original transmis- be missed. This system does
sion. Consequently, the beat frequency will a means of range measurement. not provide
If this feabe alternately very small and very large on ture is desired, additional circuits
are resucceeding half cycles. The sum of the two quired.
different values of beat frequency thus produced
A pulsed doppler system performs the same
is a measure of the distance of the missile functions
as an FM-CW system and, in addifrom the target and the difference between the tion, can select a target by
range. Like
two values of beat frequency is a measure of other pulsed radar systems,its
it
has greater
velocity of the missile with respect to the operating range for a given
average power
target.
output than a CW system.
Thus frequency-modulated radar determines
The guidance control signals are sent as a
the distance to a reflecting surfaceby measuring
the frequency shift between transmitted and series of timed pulses. The receiving system
in the missile must contain circuits that will
reflected waves.
When the two signals are mixed in an match the transmitted pulses in both pulse
electronic circuit, the circuit will develop a timing and r-f cycles. The matching is ac"beat" frequency equal to the difference between complished in electronic circuitry known as
the two signal frequencies. The beat note the coherent pulse doppler system. In this
developed in this manner will have a pitch system the transmissions are short pulses at
that is proportional to the relative velocity a repetition frequency that can be continuously
between the target and the radar antenna. To varied. Low-intensity power, which is used to
eliminate the possibility of homing on objects obtain phase coherence between successive
other than the target, a band-pass filter (which pulses, is generated by the stabilized local
will pass only a narrow band of frequencies) oscillator. A duplexer provides low-impedance
is inserted in the control circuit to eliminate paths to keep the oscillator energy ikthe desired circuits.
interfering signals.
A receiver which is automatically tuned
The stabilized oscillator also provides a
over the frequency range passed by the filter suitable
oscillator signal which is mixed
is used to choose and lock on a target. An with thelocal
receiver
signals to
automatic frequency control (AFC), in the ceiver intermediate frequency.generate a reThe doppler
missile receiver, maintains the

receiver on receiver contains a type of filter, called a

A

/A\

A

\

FREQUENCY

ORIGINAL TRANSMISSION.

REFLECTED WAVE FROM DISTANT MOVING OBJECT
REFLECTED WAVE FROM DISTANT STATIONARY OBJECT
TIME

Figure 6-16.Doppler effect on frequency modulation (sawtooth wave).
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velocity gate, which filters out all undesired the flight path can be measured to nullify errors
that a drift angle creates.
doppler frequencies.
The antenna mounting has two antennas
looking
down and forward at a slight angle
Velocity-Damping Doppler Radar
away from the roll axis of the missile. A third
A Doppler radar used for velocity damping antenna looks to the rear. A comparison
the signals from the two front antennas
of an inertial system is somewhat different between
is'
used
to align the direction of the missile.
from the hoining type of Doppler. ThevelocityA
comparison
between the forward and rear
damping Doppler requires antennas to measure
antenna
signals
gives the forward velocity,
velocity.
the forward and lateral components of
Drift
is
computed
from the angle between the
These antennas have to be direction stabilized
antennas'
fore
and
aft
axis and aircraft heading.
along,
and
normal
to,
so that the 'velocities
it
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COMMAND GUIDANCE
INTRODUCTION

of command-guided missiles and glide bombs
which they used with effectiveness in World

GENERAL

War H.

For maximum effectiveness, the FIRST mis-

sile fired at a target should strike that target.

DEFINITIONS

prohibit the firing of ranging shots (as is done

gency (in the form of commands) is transmitted
from an outside source to the missile while the
missile is in flight to the target. Missiles
which use command guidance are guided by
direct electromagnetic radiation from a
FRIENDLY control point.
3
A command guidance system incorporates
two links between the missile and the control
point.
One, an INFORMATION LINK, enables the
control point to determine the position of the

Cost, size, and the necessity for surprise
with gunfire).

To strike the target on the first shot, the
trajectory of the missile must be accurately
controlled. This control is necessary because

forces, natural or otherwise, can cause the
missile to deviate from its Predetermined

COMMAND GUIDANCE

means that intelli-

course. Even though' it fUnctions perfectly, a
missile 'without accurate guidance may miss a
selected fixed target by several miles. Moving
targets can take evasive action; without guidance, the missile would be unable to compen- missile relative to the target; the other, the
sate for this .action. Therefore, an accurate, COMMAND LINK, makes it possible
for the
fast-acting guidance system is of prime im- control point to correct any deviations from
the
portance.
desired path.
As with other guidance techniques, applied

command systems vary from simple to complex.
However, command systems can be the simplest
of all the techniques considered. Command
guidance was therefore the first guidance system

PURPOSE AND APPLICATIONS

The purpose of any guidance system is to
to be demonstrated, both on the surface with secure
direct hits on a selected target. Perremote control, of boats,....taan, and cars, and fect performance
is difficult to obtain
in the air with remote control of drone aircraft of natural disturbances and, in wartime,because
enemy
and glide bombs.. . Command .guidance is the countermeasures. However, because command
most broadly applied of all the guidance tech- guidance makes. it possible to change the flight
niques that we willdieCuss. It is used for conof the missile by signals from the control
trol of many mechanisms other than guided path
point,
most of these difficulties can be overmissiles..
come.
Current missile0 controlled by command

guidance include Bonierc, .Bullpup, and Nike. COMPONENTS
A review of the history of guided missiles
(chapter 1) will recall the .names of early Missile Components
missiles, drone aircraft, and glide bOrnb0 :that
used command guidance. or a combination of
The command guidance equipment compocommand guidance and -.Scime- other 'type, such nents that are built into the
missile will be
as preset. The germans had several Versions determined by the guidance system
being used.
.
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The most complex guidance system has a tele-

vision camera, television transmitter, radio
command receiver, and the tone filter equipment built into the missile.
A relatively simple guidance system, so far
as total equipment in the missile is concerned,

may be plotted on a visual display, or both.
When the tracking data indicates that the mis-

sile has turned from its calculated course,
commands can be transmitted to return it to
the desired course. The commands to the
missile are transmitted by a radio transmitter

is based on a radar transmitter that sends in a radio command system and by a radar
guidance commands to the missile on the transmitter in a radar command system. For
tracking radar beam. With this system, only

long-range command guidanCe missiles, control

pulses of the correct amplitude and sequence
are received.
The most widely used command guidance
system uses a radar tracking unit and a radio
command link. The missile contains a ire-quency modulated (fm) receiver and audiofrequency (a) channel selectors.

INFORMATION LINKS

a receiver for the radar pulses is needed in can be shifted from the launching ship to ships
the missile. The output of the receiver con- or aircraft down range.
trols activating circuits that function when

Launching Station Components

The missile course computer, missile
tracking radar, missile plotting system com-

ponents, and the command transmitter are
located at or, near the launcher. These, and
the guidance components in the missile, are
discussed later in this chapter.
OPERATION OF A TYPICAL SYSTEM

When command guidance is used, a ground,

The use of command guidance requires an
accurate knowledge of the missile position,
since all guidance comes from outside the missile. This knowledge is obtained through information links. The accuracy and dependability

of the infOrmation link determines to a great
extent the overall accuracy of the complete
system.
The information link enables the control
point to determine the amount of error existing
between the actual position of the missile and
the desired position. Once this is known correction signals can be sent to the missile.
Information links may use optical or electronic observation methods.
OPTICAL OBSERVATION. The optical, or
visual, command guidance system has limited
value, since the missile must-always be visible

shipboard, or airborne station determines the
position of the missile by radar tracking equipment or other means. It determines the error,
if any, between the actual position of the missile and the desired position. It then sends out
control impulses (commands) to bring the.misOle to the desired course.
If the flight path is long, and a large part of
the path is over friendly, territory or waters,
several 'stations might track the 'missile as it
comes into their range. These stations would
then send 'commands to the missile to correct
any deviations from the desired course.

from the command station. Such, a system
might use the unaided eye, telescopes, or optical rangefinders. But these devices are not

fired by a ship against .a fixed installation

plished by radar both in the radio command

ashore.. The missile, during the early part of its

and radar command guidance systems.

flight; would be tracked by. radar hoard .the
firing ship. Because the. geographical location

COMMAND LINKS

drones and air-launched missiles still employ
an optical observation link.

ELECTRONIC OBSERVATION. Much effort

.

the required missile course can be accurately
calculated. InformatiOn front the missiletraCking radar may be fed to a computer, or it

1

effective at long range; and smoke, fog, clouds,
or darkness make them useless. Some target

has been expended to develop an accurate and
dependable electronic information link. A number of electronic systems have been designed
and tested. The limitations of each system
have been determined, and continuing efforts
A typical command: guidance syiteni might be are being made to improve the most promising
used to control a. surface-to-surface missile systems. Electronic observation is accom-

of the target and the firing ship are both-known,

r.

The' equipment used to send commands to a
missile' may be compared to a radiotelephone
circuit between a piloted plane and a ground

F
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station. Instead of voice communications, the

instructions are sent as a single pulse or a
series of spaced pulses. The pulses may be

TARGET

modulated or unmodulated, depending on the
complexity of the system in use.
In other words, missile functions (dives,
turns, etc.) are controlled by either radio or
radar commands.
Wire links were used in some early mis-

siles as command links, and are presently

used in an antitank weapon. The German X-4
missiles (air-to-air) used in World War II

COMMAND

TARGET
TRACK
RADAR

LINK

had wire links. Limitations on the use of
wire guidance for supersonic missiles are

..--17UIDANCE COMMAND

A

obvious.

r

The signals cannot be jammed, but
a very limited length of wire can be unrolled
and trailed behind a missile.

AUTOPILOT AND

STABILIZATION

COMPONENTS AND FUNCTIONS

4

I

AIRFRAME
COMMAND

LINK

Insofar as guidance is concerned, the principal functions prescribed for command systems, are the sighting and tracking means,

INTEGRATION
RADIO LINK

computation of flight path error, communication

of this intelligence to the missile, and sensing
and respOnding mechanisms in the missile to
effect flight path correction. In the command
guidance system, measurement of relative
position and motion of missile and target are
accomplished at a location outside the missile.
Computers perform the calculations. The
information gained must be sent to the missile
in the form of commands to correct missile
position with relation to the target.
Except at short ranges where visual detection and tracking of targets is possible, radar
detection and tracking is the method used.
Detection, lock-on, and tracking are the normal
sequence. Continuous monitoring of a moving
target is, necessary. Detection may involve
search, identification, designation, and acquisition.
The function of the computer is to generate
command signals that will result *in. collision
of the missile, with the target. Frani the

pOsition and,rate information received from the
radar tracking system, the Compiter. ,prediCts

the optimuni point of impact, and sends the
steering. signals to the missile, to cause it to
fly the indicated course.
.
Figure 7 -1 is a bloOlt diagram of the components of . a generalized command guidance
system. Many variations are pOsaible. The
local missile guidance System contains Prin-

B

IT1

MISSILE

TARGET

SENSIN G
MEANS

83.22

Figure 7-I.Generalized command guidance
system: A. Ground (shipboard) station components; B. Missile components with connecting link.

cipally the receiver-demodulator (detection),
servodrive for airframe control members, the
airframe itself, and autopilot feedback for
stabilization and reference. Missile sensing
and tracking equipment (tracking radar, fig.
7-1) .locate the 'missile by measuring its position and motion, obtaining information on mis-

sile range and time derivatives..

Guidance

commands are computed from this information.

The integrated range and 'angle information

usually, requires coordinate conversion before
delivery to the computer. Requirements for
target sensing and tracking :are similar.
The, command signals generated by the com-

puter are ;sent to the, receiver in the missile
via the. command link, which usually is a
radio link.. Guidance intelligence is:derived
in the missile by demodulation of the modulated

radio frequency carrier. The electrical inior-

'nation ,10 converted to mechanical displacement

Of-the airfranie control members, the airframe

0% ix'
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itself, and the autopilot feedback for stabilization and reference, correcting the missile
flight path.

The type of trajectory required for the

tactical situation influences the ref ponce of the
elements of the guidance system. Besides

steering instructions, the command link r.c:..y

be required to transfer other information to
the missile, such as arming, receiver gain

setting, detonation of warhead near the target,
or self-destruction. Carrier frequency 7,. ad

power requirements must be :Tutted to the
effective range in which the missile system

sets were replaced by superheterodyne receiv-

ers.

These sets are identical to standard

frequencymodulation (FM) receivers (PM can
be picked up by an FM set) up through the
discriminator stage.
The receiver is in the missile and therefore
ita size and weight are important considerations. Designers aim toward the reduction in
size and weight of the components that are
placed in the missile.
TYPES OF COMMAND GUIDANCE

is to be applied.

The N block in figure 7-1 is the comm'41
Command guidance may be exercised by
reference direction, such as "up," which must
stations, shipboard stabe established for the control loop and main- one or more groundThe
guidance point influtions,
or
aircraft.
tained throughout the control period. It takes
of
command
guidance used.
ences
the
type
the place of the .pilot in keeping the missile
Since
all
command
systems
are
subject to
correctly oriented. The prealignment of the enemy jamming ci the control circuit,
the
missile gyros establishes this reference.
closer the missile can be launched to the target
TRANSMITTERS. Early target drone com- the better. A shorter time required for the
mand transmitters were simple one-tube units missile to travel from the launcher to the
that sent out a pulse when keyed by the opera- target means less time for the enemy to jam
tor. This system made it possible to control the controls.
the rudder. But to control engine speed and
Electronic command guidance systems are
altitude, additional transmitters turned to other
divided
into four principal groups: television.
the
frequencieti were required. As a result,
Within each group
system became so large and complex that it radio radar, and hyperbolic.
subgroups.
The paragraphs
was unsuitable. Consequently, work was started are one or more
on a simpler, more reliable transmitter that gives a brief introduction to each group.
would reduce the number. of radio-frequency
(RF) channels needed for command guidance.
The result of this work is the modern command TELEVISION GUIDANCE SYSTEM
guidance transmitter which is similar to. any
medium power. PM (phase modulated) trans-Television command guidance is well suited
mitter.
for some missions where the control point is
RECEIVERS.In early missile systems, re- in a mother aircraft. The control aircraft
ceivers used for remote control were simple can stay out of range of hostile antiaircraft
one-tube superregenerative sets. A relay was defenses and yet launch the missile reasonably

connected in the plate circuit of the tube;

when a signal was applied to the input of the
tube, its plate current changed and operated
the relay. The closing of. the relay contacts

close to the target. Because the target is
picked up by the missile's TV camera before
the missile is launched from the aircraft,

the personnel in the plane can see the target
through the missile camera from the time the
trol surfaces:
target is first picked up until the missile
The ;disadvantage of this system .is that strikes. Because of the close range at the
separate receivers, are required for. each con- time of firing, the system is quite accurate;
trol function.. In addition, the superregenera- and because of the short time between launchtive receiver, in:its most sensitive .condition,' ing and strildng, there is less chance of enemy
is a low-powered ;transmitter that could inter- lamming. But this is essentially an optical
fere with other. receivers in the missile.
system, and is not suitable for use when the
target
is obscured by overcast, smoke, fog,
with
But receiver develOpMent, kept
or
darkness.
transmitter development, and simple one -tube
activated another circuit kehich moved the con-

1
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in the missile.

RADIO AND RADAR COMMAND
GUIDANCE

mand signals from the transmitter.

This
equipment makes it possible to follow the missile's flight and correct for errors which would
cause a miss.

These two systems are much alike. Each
is based on a transmitter at the control point,
and a receiver in the missile. The transmitter
sends out a carrier wave, which is modulated
in accordance with the command signals. The
receiver interprets the modulation so that the

Many of the early missiles were radio
The use of radio for command

controlled.

guidance of high-speed missiles makes it nec-

missile can execute the transmitted commands.
The two systems differ in two ways. First,

essary to use a transmitter that can do more

than send simple ON-OFF pulses(Bang-bang control). Further experimentation with missiles led
to the successful use of tone channels. By modulating the transmitter with various audiofrequencies it became possible to control many missile

radar operates at a higher frequency. Second
the 'radio transmitter usually sends out a con-.
tinuous carrier wave, whereas the radar trans-

mitter sends out its signals in the form of
short pulses, with resting intervals between.

functions by using only one carrier frequency

and therefore only one r-f transmitter and

HYPERBOLIC GUIDANCE SYSTEM

receiver. Each of the audiofrequencies was
made to represent one particular function such
as fly right, fly left, etc. Whereas the number
of operations capable of being handled by the

A hyperbolic guidance system can be used
for both long and short range missile guidance.

It consists of master and slave stations that

send out low- frequency pulses at constant intervals. The slave station is triggered by
the master station, and sends out its pulses a
.

The receiver activates the

missile control circuits when it receives com-

.

system of multiple receivers was only about
four, the modulated system was capable of

handling twenty possible functions.

Tone systems, however, were troubled by

few microseconds after the master pulse is interference from outside sources. Radiofretransmitted. These pulses are picked up by quency waves modulated by the same frequenreceivers in the missile and fed to an auto- cies as those used by the missile (but not
matic computer in the missile. The computer associated with the missile guidance system)
then establishes the missile position by an would sometimes cause unwanted actuation of
imaginary line of position set up by the master the missile controls. An attempt to prevent
and slave stations. Hyperbolic guidance is this interference was made in using an f-m

not used by any missiles and will not be

discussed further in this course.
Long range hyperbolic navigation was developed primarily for long range 'navigation

over water and for aircraft. LORAN (LOng
RAnge Navigation) makes use of a . master
radar station and one or more slave stations
separated by several hundred miles. A form
of loran is Used by the Matador. missile.

system. However, outside f-m interference
also caused difficulties. Finally, a system was
developed which used coded tone pulses. In
this system a particular missile function would

occur only on the missile's reception and
recognition of a specific series of pulses at

the correct tone. The chance that random or
intentional interference would exactly duplicate

the coded pulses in this type . of system is
minimized.

RADIO COMMAND SYSTEM

APPLICATIONS

BASIC PRINCIPLES
A radio,

command system contains a" means

of accurately determining the missile position

in relation to the control station, the target,
and the desired trajectory. A compute# is
usually used to determine the error between
the actual missile position and the desired position. A command transmitter is located at
the control point, and a receiver is contained

Radio command' guidance may be used to
control missiles aimed at ground or air targets

from surface sites or from aircraft. The
controlled missile may be of any of the follow-

ing types: surface-to-surface, surface-to-air,
air -to- surface, or air-to-air. A recent use
is in spacecraft boosters to replace inertial
guidance systems. It permits a considerable
reduction in weight.
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Missiles that are used against moving

targets usually have another form of guidance
for part of the trajectory. The Nike is an
example of such a missile. Many of the

glide bombs in the World War II era were
radio controlled, as were target drones.

MASTER
(CRYSTAL)
OSCILLATOR

RF

PHASE
.40o MULTIPLIER
ODULATOR

AMPLIFIERS

RF
POWER

AMPLIFIER

IVENTENNA

OUTP

LIMITATIONS

The limitations of a radio command system
are imposed by transmission conditions distance, and enemy countermeasures. Early
systems, which used AM tone modulation, had
additional limitations. As an example, an interfering signal containing the control-tone
frequency would-cause the missile control sur-

AUDIO '
PRE-EMPHASIS

AF
TONE
ENERATOR

AUDIO
MIXER

KEYER 4.INPUT
1

33.139

Figure 7-2.Phase modulated radio
command transmitter.

faces to ad... Often harmonics or sideband

frequencies of voice-modulated carriers would
upset the whole control system.

The use of PM (phase modulation) eliminated a large part of the voice interference,

but manmade interference with PM characteristics could still affect the control system.

This disadvantage was overcome by using
coded combinations' of tone channels. With this

system, no control operation can take place
unless the proper tones appear at the missile
receiver in the correct order and spacing. The
adoption of this control method practically
eliminates the chance that an interfering signal
will duplicate the control combination.
COMPONENT OPERATION

power, and cost, since modulation takes place
at a low level and requires less audio. power
that does high level AM.

Modulation is in the form of tones that are
generated by tone generators. Starting at the
input of the transmitter, each a-f tone generator may be keyed separately or in combination

with others. The 'tone generator outputs are
fed .to an audio' mixer circuit and, as a result

of the mixing, a 'composite tone appears at the
output of the mixer stage.

The composite tone. is fed to an audio

preemphasis network. The network builds up
(emphasizes) the higher audio frequency com-

ponents of the composite signal; which are
later deemphasized in a network of opposite
characteristics in the receiver..: This action

Radio Command Transmitter

Figure 7-2 shows a block diagram of the
type of radio command transmitter used in
modern systems. The master oscillator is
crystal-controlled and provides, yeti 'gable
carrier frequencY. Accurate frequenCf.COntrOl

is :desirable becanse atmospheric noise usually
Consists of high frequency components. Because
the noise. appearing with the,signal consists of

high frequency component's, preemphasis is
used only -: on : the high frequency tones, and
thus causes the signal-to-noise ratio to remain
more constant throughout the audio range.

is of priMe importance sincythe command
comreceiver in the missile is tuned to the .com
As shoOniAn.figtire.:72,,thi-composite tone
mand frequency before' th e- missile is fired, ..from the preemphasis network is-fed to the
and the receiver tuning cannot be changed phase 'Modulator stage which is'- connected be=
.1s; in ilight.. Therefore, tween. the crystal. OsCillator, and the. first frewhile the
the transmitter .f requency: must remain stable
or the command linlewill,be inst.

The Output of the :,9ryatakOaciilatornie ,built

Siithe':Ortliese
up by
stages operite as frequency multipliers, but

the output stage operates as a.straightr7t

'TRANsitiTto.

PM results' in:,-COnsiCiera le

I

^

ace; .

quency ..maltiplierj Stage. After modulation, the
fundamental' frequency:. is mUltiplied and .ampliany other .transmitter..It then passes
to tite`,. antenna '. and is radiated into space.
,

i "order
M) ;takes,.

7.1

'

UnderStand' hOW,phaSentOdulatiOn

neceeeary o re .4311th
the frequency yof an alternat ,
rate it 'which . phase,
e ermin
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changes. If the phase of the current in a cir-

cuit is changed, there is an instantaneous frequency change during the time that the phase is
being shifted. The amount of frequency change,'
or deviation, depends on how rapidly the phase
shift is accomplished. It also depends on the
amount of phase shift. In a properly operating
PM system, the amount of phase shift is proportional to the instantaneous amplitude of the
modulating signals The rapidity of the phase
shift is directly proportional to the frequency
of the modulating signal. Consequently, the

frequency deviation to pm is proportional to both

selector channel, a breakdown of which is pre-

sented in figure 7-4, is usually an amplifier
with a band-pass filter at the input and a relay in the plate circuit.
USE OF TONE CHANNELS.The discriminator output is fed to a-f channel selectors and
there is one receiver channel selector for each
tone the transmitter may send.
The sections of an a-f channel selector are

shown in figure 7-4. A sharply tuned band-

pass filter (one that passes certain frequencies
better than others) is at the input of an amplifier stage.

the amplitude and frequency of the modulating.
The grid bias of this stage is adjusted so
signal. Thus the crystal oscillator output signal that plate current is cut off when no signal is
is varied in both amplitude and phase by the being fed to the stage. When a signal is applied
modulating signal.
to the input of the stage, the effective grid bias
The rf section of the transmitter operates is reduced to the point where plate current
continuously, but is modulated only when one or flows. The change in plate current- operates
more of the tone generators .are operated by the relay; its. contacts close, and activate the
the keyer section.
missile control surfaces in accordance with
the commands.
Missile Receiver

The receiver in the mission. is the conventional fm receiver shown in the block diagrani
in figure 7-3. An addition to the -conventional

Proportional Control

on present course (depending 'on the deSired

varied in proportion to the varying characteristics of the radio command signals. Usually,
pulse width is varied with pulse repetition rate

Thus far, we have discussed radio

command
receiver is the carrier fail relay. When the guidance from the standpoint of on-off
(bangincoming carrier signal falls below a specified bang) control. In some missiles, radio comvalue (thus becoming unreliable); the fail relay mands are used in proportional control of missile
is actuated. The operation of this relay may functions. For example, throttle control, turn
cause-self-deistruction of the missile or.keep it control, and pitch control may be gradually
objective-O.:.

.

'After 'amplification, the discriminator (de-

tector) output is applied to the a-f selector

channels:, There' is one selector`., channel for
every .torie that the transmitter may'send..The

(PRR) remaining constant. By manipulating con-

trols at the command station, varying voltages
are produced. These voltages are converted to
varying width gated signals from subcarrier
oscillators. The gate widths are directly pro-

portional to the desired changes in missile

BAND-PASS
FILTER

CONTROliS

Y,

k "4:4P, )--
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function. The missile will interpret the grad- modulator section, which in turn produces the
ually varying characteristics of the subcarriers high-voltage output pulse.
The same trigger pulse is also sent to the
and respond by correcting pitch, heading, and
throttle Control in proportion to those variations. range unit, and starts its time-measuring device. After a short, fixed delay, the range unit
forms a range gate. The gate is developed by
LAUNCHING STATION COMPONENTS
a voltage which is present during a relatively
MISSILE COURSE COMPUTER. Ordinary short part of the main time cycle. This voltage
forms of missile course determination require is applied to the gain control circuit of the rea large number of calculations, and consider- ceiver. When the range-gate voltage is present,
able time. Since calculations are time con- the receiver gain is high; during the rest of
suming, and since speed is an absolute neces- the time cycle, the gain is very low. Thus, when
sity, electronic course computers have been the range gate is "open," signals picked up by
developed for this use.
The computer, located at or near the launching site, performs two `functions. First, it
determines the course that should be followed

by the missile during its night to the target. It

then compares this desired course with the

the antenna will pass through the receiver;

when the gate is "closed," they will not
A definite time is required -for the-transmitted signal to reach the missile, and for the
reflected signal to return. The total time de=
pends, of course, on the range of the missile.
The timing circuits can be adjusted to open the
range gate shortly before the reflected signal
is due to reach the radar antenna,-and to close
it shortly afterward. Thus the range gate permits only the echo signals reflected from the

actual course of the missile as determined by
the tracking. radar. Any deviation between the
two is instantly detected, and an error signal is
sent to the command transmitter keying unit.
The keying unit modulates the transmitter with
the desired tone and spacing sequence. When missile to pass through the receiver' echoes
these signals are picked up by missile receiver, from other objects will be rejected. The rethe proper control surfaces are activated tobring flected signals, through servo systems, control the position Of the radar antenna, so that
the missile back on course.
MISSILE TRACKING RADAR.. When com- it will track the missile automatically.
A single antenna is used for both transmitmand guidance is used, the position of the misting
and receiving. This requires some means
sile in relation to the control point, desired
for
switching
the antenna from the transmitter
at
course, and the target area must be 'mown
to
the
receiver,
and then back to the transmitall times.
..Since radar can provide information as to ter again. The device usually used for this
range, elevation, and direction, it is Well suited purpose is called a duplexer. The duplexer
to operate the transmitter
for sliort- and medium-range missile tracking. makes it possible
simultaneously,
but keeps the
and
receiver
In general, missile- tracking radars use"the
powerful
transmitter
signals
from
entering the
fighter-direbtor,
same principles as search,
receiver
directly.
and fire. control radars.
For missile tracking, a lobing or conical
Radar, ranging ..is accomplished by time
scanning
system is used, because accurate
measurement. The range. is found by measurangle
data
cannot be obtained from a single
ing time elapsed time, between the transmission
beam
on
the
antenna axis. This type of scanof a pulse and the arrival of the echo reflected
chapter 8.
ning
is
described
from the missile. Radar Waves travel at the
Video signals produced by the reflected sigspeed of .light (188,000 miles per second). The
distance, to the, target ; ie ...fOund ,by, multiplying nal, from the. missile. may be used to modulate
the eliPsed tiinebY, the epeegrof,the.radar wave the display on a cathode-ray tube. The method
of MOdulating the display will depend on the
,by tvie. The divi
and then dividing the
type`
Of indicator used in the radar set. Either
obis by two is necessar'tibecause the elapsed
or the intensity, of the beam trace
time inCludes tithe :out and tithe, back, so that the
the,:actual, time to the ..tergetis.lone-half the may be;fitodelated.
Comfaand systems using radar tracking have
'
e41138e4 time.
a
relsitiveli?'
high degree of accuracy, and the
The time sequence; for the .radar ; set
weight
of
the
equipment required in the missile
the ,timing geSerater.,.:The-: trigger
Hoivever, tracking
comparatively
iming;
,generator
controls
:t4e
ac
.

.-ttdit-t6
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errors will be introduced by limitations of the
radar system. In general, radar range information is accurate, and elevation and azimuth information is accurate to within a few mils. The
range and accuracy of the guidance system can
be improved by using a different form of terminal guidance, such as homing guidance.
Missile Plotting System

The use of radar for missile tracking makes
it possible to obtain information °lithe missile's
elevation; bearing, and horizontal range. This
information may be plotted .so that personnel
controlling the missile will have a complete
picture of the operation.
An example of a basic plotting system' is

elevation angle (or of the horizontal range and
the tangent of the elevation angle). Successive
positions of the missile can be marked on the
plotting chart at regular intervals, to provide
an indication of the missile's course. In modern
systems, plotting of the target and the missile's
position is usually done in the Combat Information Center (CIC) of the ship.
TELEVISION COMMAND GUIDANCE

shown in figure 7-5. The tracking radar is

Television has been used in various weapon
systems to obtain target information. Assault
Drone, a pilotless aircraft, used by the U. S.
Navy against Japanese and German targets in
1944, employed television and radio control in
a "mother" airplane to effect guidance. Several
guided bombs using television command guid-

angle.: The elevation of. the missile is the
product of the slant range. and the sine of the

Television is the information link of the system; radio is normally used for the command link.

shown at the left of the drawing, and the plot- ance were -developed by the United States
ting board at the right. The boom on the plotting World World War II.. The GB-4 was successboard revolves around a center pivot, and is fully used by the U. S.Air Forceagainst U-boat
positioned by - the missile bearing data. The pens, V-1 and V-2 launching sites, and German
tracing pen. trolley (mounted on the revolving industrial centers. The television camera was
boom). is ;positioned by the horizontal, range in the bomb; the operator in the "mother" or
data. The pivot Of the boom represents the launch aircraft. monitored the TV picture and
tracichir radar:
nd the pen position guided the bomb to the target, using a radio
represents the instantaneous location of the command link. The Robin and the Roc
were
missile::
similar types developed in the United States.
The 'radar can -provide only slant range
Television guidance generally has made use
bearing, and: elevation angle. The horizontal of the electromagnetic frequencies in the range
range data used .'-to position the tracing pen between radio and radar applications for transtrolleY can 'be obtained from the product of the mission. The sensor units operate on the visual
slant ; range and the cosine of the elevation band of the spectrum.

MISSILE

PEN
BOOM

ELEVATION

424%.1.
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I

in the desired direction. If the PRR is unmodulated, no control signal is sent to the missile.
If the PRR is modulated so that it increases,
the missile will turn in a certain direction; if
the PRR decreases, the missile will turn in
the opposite direction. Since the PRR can be
varied by the modulation frequency, it is possible to make the amount of turn proportional
to the deviation from the normal PRR, and
thus obtain accurate control.
This system requires some form of multi-.
plexing or switching control, so that operations
take place in a definite sequence. As an example, there may be five possible operations
and each may be controlled by a 1/100-second

At present, the Navy has under development
an air-to-surface missile using the television
system.
RADAR COMMAND SYSTEM
GENERAL

If a command. system is to be used with

supersonic missiles, some form of radar tracking employing an automatic computer must be
used to obtain a reasonable degree of accuracy.
In this system, both the' guided missile and the
target are tracked by radar (fig. 7-1), and the
range, range-rate,
information concerning
azimuth, and elevation is fed to an automatic
computer. Telemetered information from the

signal of the proper pulse rate. A complete

set of control signals could then be sent every
1/20 second.

The control pulses may be coded in se-

guided missile may also be sent to the computer. The computer determines the control

quence so that each pulse controls a particular
signal which must be sent to the guided missile operation. As soon as a full set of operations
is covered, the sequence starts over again.
to steer it to a collision with the target.
The
pulses may be modulated either in ampliThere is great similarity between radio and
tude
or by their position on a time scale.
based
radar command guidance systems. Each is
Several
means of controlling missile funcpoint,
and
a
on a transmitter at the control
tions
by
the
radar tracking, beam are illustrated
the
receiver in the missile. In both systems
may be grouped
transmitter sends out a carrier wave, which is in figure 7-6. Multiple pulses
number
of pulses in
modulated in accordance with the desired com- as shown in block A, the
the
speCific
command.
mands. The receiver interprets the modulation each group determining
Block
B
shows
dual
pulses
with
the
spacing
so that the missile can execute the transmitted
command.
between
the
pulse
determining
the
commands.
In block C, every other pulse is displaced in
time, the direction of displacement in time
OPERATION OF RADAR
determining the command. Block D shows pulse
COMMAND GUIDANCE
width variation representative Of commands.
The use of the missile tracking radar beam
Most radar command guidance systems deas
a
control medium results in economy of equipnot
pend on "sampling" control; since it is
possible to control all Of the missile functions ment because the radio control transmitter is
at once. Each must take itslurn in the control no longer needed.
As in any other communications equipment,
sequence. Consequently, after a given function
the
bandwidth of the modulated Signal determines
has received- a command, there will be a time
the
amount
of information that can be transmitted
delay before the next command is received.
in
a
given
time. A radar signal with a pulse
the
The length of this delay will -depend on
repetition rate Of. 2000 cycles per second would
number of functions to be controlled.
conWhen radar is used for control; the fidelity limit the number of functions that could be
control
trolled
as
well
as
the
rate
at
which
the
or accuracy of control' is Jimited by the allowable -imitations in pulse rate . or amplitude. signals' could be changed. But for some missile
only
(Excessive variations will affeet the tracking syStems this bandWidth is adeqUatebecause
under
control
by
accuracy.) The accuracy of control is also a few missile functions are
signal
command
guidance.
And,
if
the
rate
of
limited by the-. ability, of the '-misaile equipment to ; measure: these *ariations. accurgely: ChaiigeAZ not too great, there will be enough
alio*, modulation of the radar beam
whiCh`,Coinmande
There are"'several
with
several
signals simultaneously.
can be sent by ,radar.- For example,. 'the, pulBe
there
are
'iniisiles in the vicinity of the
repetition ,rate (PRIt)t of the radar 'MaY.tie ire-the. Missile beam` other than the one being tracked, some
to:
quency modulated-4n :o
.

.
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Figure 7- 6. Methods of transmitting commands by radar pulses.
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coding or frequency discrimination method must
accept command signals. When used for this
be used so that each missile will respond only to
purpose,
an additional set of coded pulses is
to its own command signals. This is true in added to the
signal for the missile
either the continuous wave or pulse system. tracking radar.transmitted
The beacon accepts these signals
Therefore, if there is any likelihood that the and, channels them into a computer which decodes
spacing between radar beams is not sufficient, them for the intelligence they contain.
each missile launched from a particular control
station must have either special coding equipThere is no generalized radar beacon system;
ment or at least a special receiver adjustment each
system is designed for a particular apto ensure response to the correct signal.
plication.
.

RADAR BEACON

FUTURE OF COMMAND GUIDANCE

To extend the tracking ranges, some missiles

SYSTEMS

have radar beacons installed. This beacon is
It should be kept in mind- that command
actually a small radar set which 'is actuated by guidance systems are in a state
of constant
the remote missile tracking radar. When trig- development, and that future systems
gered by a coded pulse from the tracking radar, considerably from those described may differ
thS beacon returns a stronger signal to the tems that were tried in early missilehere. Sysdevelop-

tracking receiver than would'. be received only
by reflection. < Figure 7-7 shows a block diagram
of Stich -a-System., The coinbined action ,:of the
beacon receiver and transmitter raises; the
signal 1S+al. RadirrbeaCon ranges aregenerally
limited 001k; by. the radar;
transmitter
eie0t

freoiei'

rece
er :frequency

e

}bout contusing it
e:4)eiceii*edeityiko**
.

ments and were discarded may be improved and
placed in new missiles. An example lathe. Walla guided air-to-surface bomb_ being developed. Television contrast homing guidance

is beiSg used for it. Another example is wire

guidance, which was considered inadequate and
,.. was ;,discontinued in the air-torair 'missiles a
nuniher.;:Oi years ago. It is being usedin some
Oeeent. day sUrfacs;:toaurface.. short-range

missiles,
Ud
theFrench S&10:and1313-11
hank rmissiles, and our on Army antitank
Ennkes. and
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BEAM-RIDER GUIDANCE

GENERAL

INTRODUCTION

however, makes each missile large and expensive. The radar problem is simple since

.A

be used), but the controlling beam must be

only one radar set is required (two radars may

The beam-rider guidance method may be
considered to be a form of command guidance,
since the beam-rider missile maintains direct

electromagnetic radiation contact wIth a friendly
control point.

Beam-rider guidance is similar to radar

command guidance. In both systems, target information is collected and analyzed by devices
at the launching site or other control point

reasonably narrow to be directive, and this in-

creases the chance of loss of the missile
through target maneuvering and evasion.

APPLICATION TO U. S. NAVY MISSILES

The U. S.. Navy missile program is tone of
continuous research and improvement in all

phases. Two missiles, .Terrier and Talos

developed under the Bumblebee (1944)program,
has been operational for some time. Both of

rather than by devices within the missile. In
both systems, the missile makes use of guid- these are surface-to-air missiles using beamance signals transmitted from the control point. rider guidance. The BW-1 Terrier is a beam The principal difference between radar comwing-controlled missile; the BT Terriers
mand guidance and beam-rider guidance was riding,
are
beam-riding,
.tail-controlled missiles; and
stated in chapter 6. The guidance equipment in the. Terrier HT type
homing guidance.
the missile formulates its own steering signals The Taloa is a beamuses
rider
in the midcourse
from the information contained in the radar stage of its flight,'
switching to homing for
beam. These correction signals produce control
surface movement on the missile to keep it as

nearly as possible in the center of the radar

beam which pinpoints the target. The missile

can .thus be said to "ride" the beain to the
targiit., (See figs. 6-8 and 6-94

.

the terminal.phase of its flight.
This chapter will give information of a general nature on beim rider guidance systems that
might* used with tMs type missiles. R should be
kept in mind that security 'requirements prevent a
detailed description of the guidance system of
any sPecific missile.

'The beam-rider system is highly effective
for use with `short7ringe and .'mediunt-range
sUrface-to-air and air -to -air missiles. For
missiles of longer ranges' 'a 'beani-riding .sys.;
SYSTEM COMPONENTS
to* may be used during, the Mideouise', phase
of flight, while the missile As :still
ef- GENERAL
fectiv.e.rinie
iieam7triSiniltting radar.
Ae it aPPrOaChee tbe.
beam4riding
There are. several iniportant components,
range;- the **Ole may switch over to some' other than the missile and
radar, in a complete
otherlornf of gUtdifiCe:'
guided missile System.
The beam -rider missile 'system ling 'both ` A major ;part
of the 0011011e4 is at the
'

ad*thteges and :dielicii*ntigeei..:1:
Tlaunching site. The number and type Ot.Z..0launching of a large: number
#84N1,..013 nents,',will ya171/-*th
a
*e:iiiiiiie;eciiitii)f,beanf",iiiiieff;all
ce mobiej setup wall differ from systeMs,
'a fixed, per-

tsprnt-

is; .,inninent undli

'Bite .

-.2
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Figure 6-6. is a simple diagram of a beamriding missile guidance system which includes
the basic elements when a radar beam is used
as the guiding beam. The example shown is a
surface-to-air application. The radar is used to
develop the beam along which the missile is to
travel. Its antenna is directed so that the center
of the beam is on the target. The missile
launcher, if trainable, in used to point the missile so it is able to enter thebeam after launch-

speed of the target. The computer is also given
the average speed of the missile. With this information, it is able to determine the direction
in which the missile must be launched to intercept the target. It is unlikely that a missile will
be fired as soon as the tracking radar acquires

ing. The beam-riding missile contair-4 the mech-

puter output provides the correct solution to the
problem as it exists at that instant.

anisms that permit it to measu- its position
with respect to the center of th, radar beam and
to move to correct its position.
Two types of beam-rider systems are inuse.
In the simplest type, a single radar is used for
both target tracking and missile guidance. In the
second type one radar is used for target tracking, while another radar generates the guidance

beam. The monopulse system, which is not a type
of guidance system, but a radar technique used

in tracking, is described later in this chapter.
LAUNCHING STATION COMPONENTS

The launching station may be on or in the

ground, *card a ship, or in an aircraft. The
components used in aircraft are necessarily

limited in size, weight, and amount of power
required to operate them. These components
are the radar (or radars), computer, informa-

tion display scopes (oicilloscopes) and, of

course, the missiles which are tobe used. Figure
8-1 pictures the components that may be found

the target. The target range is constantly

changing, and the target may change course or
speed as well. The computer must therefore
produce a continuous solution to a continuously
changing problem. At any given instant, the com-

In a two-radar system, the computer continues to calculate the missile course after the
missile has been launched, and until the target
has been destroyed. Through servo mechanisms,

it turns the control radar in the proper direction. The computer output is used to train and

elevate the missile launchers in such a direction
that the missile will enter the capture beam
(described later) at the optimum angle. 1 :ilia
angle is too large, the missile must make a
sharp turn to get into the control beam. If it is
too small, there is aome danger thattheptissile
will evade the capture beam and self destruct.
MISSILE COMPONENTS

The receiving antenna in the missile is a
very important part of its electronic installation. Through it must come all guidance signals from the control radar. There are several

diffiCulties in determining the optimum location

aboard a ship. The radars and launchers are ,of an antenna on a missile. First, the antenna
above deck, but the CoMputers, display consoles, Mlle not interfere with the aerodynamic stability
Of the misSile. Second, it must be located at a
and direction equipment are below decks.,
All changes detected by the radars :or Made
by the missile, or the target are instantly
flashed on the consoles below decks's° the course

point Where it will not be' damaged by the rapid

basis of the information iniPplied.
The.target is usually picked up at long range
by a search radar. When the ;target is identified,
the tracking radii Witte over the job of following
direCtion (elevation and
it, and determineS
bearing) range rate (radial velocity), and tinge.
This inforristiOn .is converted rapidly intouaable
e co
PPP,
e- course,
Because the Computer:Jo',
speed, ,bearing,R eleVatiOn, '
range of thezfarget,rit Can
et µ at any future time
'ttie
10010fikft0°60 change. course orsspeed.

pick up the signals of the guidance beam. The
antenna iodation that has been found most sat,
iafactory is at'or'near the Miaitile after surfaces.
The mitisile antenna is highly ,directional,
and Most isensitiie to Signals 'received; from
behind .the;:titisiiile. The roll.control Systent
that the
keeps ; it stribilizeil.
of the

can be f011Owedind coMbat decisions made onthe

Iti SOnie

corn

acceleration as the missile is launched, and
where wind will not tear it loose. Finally, the

antenna must be located Where it can effectively

ante:1*i', PolarilatiOn'reMitinst CbtiStiritt.1 Another

ise of `the roll- control system 'is to
establish ;an ,up-down ,:right,;left guidance : cit
'
'
The guidance 411MtilS PiCieed up by the .Inter
.

:

iiilic.inteitiii"ere fed to a. receiver. After the
are ampli fed and demodulated Ar,,,the
1-

.

.

we.

.

. ar..r.
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receiver they are fed to a computing network
in the missile. Demodulation is the process of

compared to its surroundings and therefore
is a good radar target. An important point is
that the missile velocity must be greater than

target from the beam's carrier signal. If the
missile is off the scan axis of the guidance
beam, the computer will, determine both the
direction and the magnitude of the error. It

the target velocity.

extracting information (direction, etc.)about the

will then give the correction signals required
to bring the missile back onto the scan axis.

Figure 8-2 is a block diagram of the essential' components of a beam-rider guided

missile. The computer includes all the necessary circuitry to separate the up/down and
left/right correction signals contained in the
output of the receiver. The separate signals
are then amplified and drive the servomotors
which actuate aerodynamic surfaces or other
means of control to change the position of the
missile and cause it to move toward the center

PRINCIPLES OF BEAM-RIDER GUIDANCE

Since the beam used in beam-rider guidance

is a radar beam, a knowledge of the basic

principles of radar is necessary to understand
how the system operates. The first volume in
this series, Principles of Naval Ordnance and
NavPers 10783-A, contains a chapter
Gunne
on e detecting and assigning of air targets for

guns. The radar principles apply equally to
guidance systems for missiles.
GUIDANCE ANTENNAS

The antenna system consists of waveguides,

of the beam.
The missile also needs to be roll-stabilized.
This is done by placing a gyroscope inside the

switching tubes, a reflector for beaming the

TARGET

General

missile with its axis oriented so that an output
is produced 'if the missile tends to- roll. The
output is amplified to operate control surfaces
that neutralize the tendency of the missile to
roll.

radiated energy, a mechanism for notating the
feed ,during operation, and servo units which
position the antenna reflector. Its purpose is to
radiate microwave energy developed by the
transmitter and to receive echo signals from
the target and apply them to the receiver.

The radar energy that forms the guidance
The target for any guided missile must have
at the consome, unique characteristic as eeenby the track- beam is transmitted by an antenna
to
point. Radiated energy tends spread out
ing radar. This characteristic often is the re- trol
equally
in all directions, but by mounting a
flective property of the target compared to its
suitable
reflector
behind the antennas, ale ge
surroundings. For es:Ample, an airplane-flying
part
of
the
radiated
energy can be formed into
in free space has high radar reflectivity' as
CONTROL-....<
SURFACE

SERVO
MOTOR

YAW
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a relatively narrow beam. A narrow beam can

point out the target direction with sufficient
accuracy for the missile to score a hit, and
concentration of the radiated energy into a

beam extends the effective range of the system.
Figure 8-3 compares the radiation from a

radio antenna with that from a lamp. Both
light waves and radio waves are electro-

the wavelength of light ranges from about three
to seven ten-thousandths of a millimeter.
You are, of course, familiar with the use of

polished reflectors to form beams of light.
An automobile headlight is an example of this,

although it produces a fairly wide beam. A
spotlight produces a more narrow beam.

Figure 8-4A represents the reflection of
light by an "ideal" reflector. The emerging
identical, except in frequency of vibration. rays are parallel; the beam is no wider than
From both sources, energy spreads out in the the reflector itself, and it does not diverge.
form of spherical waves. Unless they meet But an Ideal reflector is hard to achieve in
magnetic radiation; the two are believed to be

some obstruction, these waves will travel outward indefinitely at the speed of light. Because
of its much higher frequency, light has a much
shorter wavelength than radio waves. This is
suggested In figure 8-3, but it cannot be shoNim
accurately to scale. The wavelength of radar
transmission may be measured in centimeters;

practice. It must be a paraboloid of revolution
that is, the surface generated by a parabola
rotated on its axis. It must be highly polished;

LIGHT RAYS
REFLECTOR

LAMP

maw
LIGHT

.

LIGHT WAVES

LIGHT

RADAR RAYS

REFLECTOR

ANTENNA

VA I
ioini

yet at

,14

it,41k
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its surface irregularities, must be small com-

pared with the wavelengthjof light. And the light

source must be a single point, located at the

focus of the paraboloid.

Figure 8-4B represents the reflection of

SOURCE

AXIS
OF
LOSE

.radar waves. Again, the surface of the reflector
is paraboloid, but it need notbe highly polished,
be%;.use of the longet wavelength of radar. The
source of radiation is the end of a waveguide.
33.146
Unfortunately, this is not a point source; it must
Figure
8-5.Lobe
formation
of
radar
beam.
have a finite area.
It should be noted that a light RAY is simply
a convention used in diagrams. Such rays do
not exist in nature. They are imaginary lines for our purpose (missile guidance or target
that indicate the direction in which the wave- tracking). The lobe in figure 6-5 is not drawn
is in
fronts are moving. Although RADAR RAYS are to scale. The diameter of the reflector
lobe
may
the
not a familiar convention, they are used in the order of two feet; the length of width
may
be
figure 8-4B to show the direction in which the be from 20 to 50 miles. Its useful
distance
four
or
five
degrees.
At
any
given
radar waves are moving.
Of course the lamp shown in figure 8-4A is from the transmitter, the signal is strongest
radiating light in all directions. The light along the axis of the lobe.
In a beam-rider guidance system, radar
from the front, surface, which does not strike must
accomplish two things; it must track the
the reflector, will be scattered widely. In some
target,
and it must guide the missile. It would
spotlights, the front .surface of the lamp is
be
difficult
to do either of these things with a
shielded, so that the only rays that leave the
simple
lobe
like
the one in figure 8-5.
spotlight, are Those that have been reflected.

Such a spotlight prodUces a sharply defined

beam, with little or no scattered light. The Nutation
same effect is achieved in radar by directing

the opening of the waveguide backward, toward

Nutation is difficult to describe in words,
but easy to demonstrate. Hold a pencil in two
hands; while holding the eraser end as still as
This
viaveguide is larg te compared to the ideal point possible, swing the point through a circle.
(The pencil
source. For another, a reflector of practical motion of the pencil is nutation.transmitting,
size is .not sUfficiently large compared with the point corresponds to the open, or
the reflector.
But no radar can produce an ideal beam of
parallel "rays." For one thing, the end of the
.

wavelength of the radiated. energy. A radar beam

therefore diverges and forint a lobelike the one
in figure 8-5. This is :the main 'lobe-or beam.
The student should clearly understand that such
a lobe. is merely a. convenient way of representing. ,the beain on paper; it : is in no sense
a "picture "; of, the beim. Some Of,the radiated
energy will be. scattered outside the main lObe,
of lesser
and, will form,.. sidelobea

end. of the waveguide. antenna.) The important

thing is that polarization of the beam is not

changed during the scanning cycle. This means
that the axis of the moving feed must not change
horizontal or vertical orientation while the feed
is moving. You might compare the movement to
that Of a fertis wheel; the position of the seats
must remain the same regardless of the position
of the wheel.

NUTATING WAVEGUIDE.A waveguide is a
Metal
pipe usually rectangular: in cross section,
proximity
Undesirable lcibefi
which.
is' used to conduct the r-f energy from
to the trariethitter and niiiionfnee the fire the transmitter'
to the antenna. The open end of
controlman.' Andy the'7'rediatiOri- dOeS not end
the
waveguide
faces the concave side of the
cP:;'frOm.the.trans
reflector, and the r-f energy it emitsiebOunced
'10tek, .Wthe;
PiCinked-li:three;41neiSionsi Can:be: . fitaii:the reflector ..surfaCe..
A conical ' scan can be generated by nutation
of *hi
of
'ifIlOjgbC
this Process the axis of the
tielottErAnteq**mo*icig*erigir.:,:171149;cari be.. of the,:*vegu, ide
'MOO .th;Ough a "innell
its
'7,regaids
e:Wtigie
considered the rmini um energy

intensity, and' .much shprter range. They are

.3
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conical pattern. This three-dimensional move- determine the direction and amount of antenna
ment in an actual installation of the vraveguide, movement required to continue tracking.
The
is fast and of small amplitude. To an observer, computer output can be used to control servothe waveguide appears merely to be vibrating mechanisms that move the antenna, so that the
slightly.
target will be tracked accurately and autoNUTATING LOBE.By movement of either matically.
the waveguide or the antenna it is possible to
When a conically scanned radarbeam is
generate a conical scan pattern, as shown in for missile guidance, the desired path ofused
the
figure 8-6. The axis of the radar lobe is made missile is not along the axis of the beam, but
to sweep out a cone in space; the apex of this along the axis of scan. It is possible to produce
cone is, of course, at the radar transmitter a conical scan by any of several methods.
antenna or reflector. At any given distance from
the antenna, the path of the lobe axis is a circle.
..
Within the useful range of the beam, the inner Types of Antennas
edge of the lobe at' all times overlaps the axis
of scan.
DIPOLE.Although not used by any of the
Now assume that we use a conically scanned newest modifications of our missiles, several
beam for target tracking. If the target is on the types of missiles have used a rotating dipole
scan axis, the strength of the reflected signals antenna. The antenna was not rotated about its
will remain constant (or change gradually as the center, for this would have changed the polarrange changes). But if the target is slightly off ization as the antenna turned. Such a condition
the axis, the amplitude of the reflected signals would have caused erratic control of the miswill change rapidly and periodically. For sile. The antenna is mounted in a plane that
example if the target is ABOVE the scan axis, passes through the focal point at a right angle
the reflected signals will be of maximum strength to the reflector axis. As the antenna rotates it
as the 7obe sweeps through the highest part of stays in this plane. The same relative motion
its cone; they will quickly decrease to a minimum can be produced by having a stationary antenna
as the lobe sweeps through the lowest part. In- and rotating the reflector about a point off its
formation on the instantaneous position of the axis.
beam relative to the scan axis, and 'on the
LENS ANTENNAS.Lens antennas of two
strength of the reflected signals, can be fed to typee
have been developed to provide easy
a computer. This eomputer in the radar may be Eteerability in both azimuth and. elevation for
called angle tracking or angle servocircuit, or
radars, while avoiding the problems
angle error detector. If the target moves off tracking
associated with feed horn shadow in reflector
the scan axis, the computer will instantly antennas. (The shadow is a dead spot directly in
front of the feedhorn.) These are conducting
type and dielectric 'or delay type. They are also

called microwave lenses. The lens is' substantially transparent to microwaves but in-

PATH OF LOSE AXIS

"-NMI OF SCAM

serts a phase change over the cross section of

the eidt Side of the lens to make the microwaves
converge' or diverge. The lens is plaCed in front
of a point, source of r-f energy, such as a feed=
horn. While a feedhorn is not ,a "point" source,
for analysis of electomagnetic wave propagation
it is 'often considered as a point source of energy.
The ;conducting type, which is a wave guide,
is illristrated. in figure 8-7A.
This tYpe;:acceleratee wave transmission as

it .passes thiOugh the lens. It consists of flat

:421941 strips placed, parallel to the electtic field
of the Wive, and.
in excess of onehalf. Of a wavelength. To the leave these stripe
look like VraVeguides. with each hiPothetical
waveguid6 7.

,a dimension 'in a direction
.

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

wave passing through the lens is determined by
the dielectric constant or refractive index of
the material. In most cases, artificial dielectrics consisting of conductincrqds or spheres
that are small compared to the wavelength are

Ititt

used. Artificial dielectrics, or conducting insulators used in r-f transmission systems are

-A

covered in Basic Electronics, NavPers 10087-A.
In this case the inner portion of the transmitted

A

wave is decelerated for a longer interval of
time than the outer portions.

In a lens antenna the exit side of the lens
can be regarded as an aperture across which
there is a field distribution. This field acts as
(1((((((((«
a source of radiation Just as fields across the
It
mouth of a reflector or horn. For a returning
echo the reverse effects take place in the lens.
B
It can be seen that the reflector uses the
law
of reflection while the lens uses the law
55.62:.63
of
refraction.
The rear feed arrangement of the
Figure 8-7.Antenna lenses: A. Waveguide
lens
antenna
eliminates
spillover radiation in
(acceleration) type microwave lens; B. Metal
FEEDHORN

the backward direction. Also, this arrangement
puts the radiator out of the path of the beam,
thus reducing shadows.

strip (delay) type microwave lens.

MISSILE RECEIVER. -The purpose of the reperpendicular to the electric field correspondceiving
antenna, located in the missile, was destrips.
ing to the spacing between the parallel
scribed
briefly
at the beginning of this chapter.
is
The velocity of phase propagation of a wave
Figure
8-8
shows
the location of receiver
greater in a waveguide than in air. This, since
antennas
in
a
beam-rider
missile, near the conthe lens is concave, the outer portions of the
the antennas are
trol
surfaces.
In
some
missiles
transmitted spherical wave are accelerated for
part
of
the
electronics
section.
The function of
a longer interval of time than the inner portion: the missile receiver is to receive
the signals
The spherical waves will emerge atthe exit side
the radar transmitter, amplify and rectify
of the lens (lens aperture)as flat-fronted parallel from
the
signals
and feed them to the missile comwaves. The waveguide type lens is frequency
puter.
In
order
to keep the receiver in tune
sensitive.
with
the
guidance
transmitter, a system of autoThe other type lens is the dielectric, or
matic
frequency
control
is used in the receiver.
metallic delay lens, shown in figure 8-7B. The
is to reduce acceptance of stray signals or
delay lens, as its name implies, slows downthe This
phase propagation as the wave passes through the countermeasure signals. The automatic frelens. This lens is convex, and co sista of di- quency control keeps the receiver intermediate
th phase of the frequency from drifting.
electric material. The delay in the
BOOSTER FINS FIXED (4)

NOSE SECTION
CONTAINS
ELECTRONIC SECTION RECEIVER ANTENNA

DORSAL FINS FIXED (4)

SUSTAINEF4

BOOSTER

TAIL CONTROL SURFACES
MOVABLE (4)

83.29

Figure 8-8.View of beam-rider missile, showing location of

control surfaces and receiver antennas.
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SCANNING

slow and inaccurate, and would be limited by
conditions
of visibility. An automatic tracking
In addition to radiating and focusing energy system requires
that the beam SCAN, or
into a narrow circular beam, the antenna sys- search, the target area.
tem must provide a means for searching for a
assume that a missile is riding the
target and for determining its position. This axisAgain,
of a simple beam. The strength of the
process is called scanning or lobing. Lobing signals it receives (by means of a radar recan be divided into two broad categories ceiver in the missile) will gradually decrease
(1) sequential lobing and (2) simultaneous lobits distance from the transmitter increases.
ing. Examples of sequential lobing are conical as
If the signal strength decreases suddenly, the
scanning and lobe switching.. Simultaneous lob- missile will know that it is
no longer on the
ing is best illustrated by a fairly recent lobing axis of the lobe. But it will NOT
know which
technique called monopulse. We shall discuss way to turn to get back on the axis.
A simple
this method in considerable detail later. But beam does not contain enough information
for
first a brief review of more familiar scanning missile guidance.

processes is in order so that you can see how
and why monopulsing was developed.

Stationary Lobe and/or Single
Lobe System

A single lobe system is the simplest form
of sequential lobing. A stationary lobe cannot
satisfactorily track a moving air target, let

Double-Lobe System

The double-lobe system multipliesby several
times the accuracy obtainable with a single-lobe
system. The double-lobe system employs two
overlapping beams. For ease of illustration,
assume that two antennas are used side by side.
Two signals are obtained when the beams cross

alone simultaneously provide guidance information to the missile.
Assume that a target is somewhere on the

a target, one from each beam. On the radar-

continue tracking. The beam might be moved
by an operator who is tracking the target with
an optical sight; but such tracking would be

knows that the target lies on the LINE OF INTERSECTION of the two beams. The target is
located on the basis of returns from the side of

scope they appear either side by side or back to
lobe axis, and that the receiver is detecting back.
The two signals
the same amplitude
signals reflected from the target. If these only when the target is are
on
the
line of intersecreflected signals decrease in strength, it will tion of the two beams, as in figure
be apparent that the target has flown off the operator rotates the antennas until 8-9. The
the signals
axis, and that the beam must be moved to are matched in amplitude.
At this point, he

LINE OF
EARIN
AXIS OF

LOSE 2

alt

Figure 8-9.Double-lobe system, showing relation between axis
of intersection and target bearing.

33.114
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each lobe, where a small change in position resuits in a large change in signal amplitude.
Therefore, if the antennas are moved in either
direction away from this angle, one of the sig-

nals increases greatly in amplitude and the other
decreases. You can see that a greater degree
of accuracy can be obtained in this way.
Besides greater accuracy, the double-lobe
system has another advantage over the, singlelobe system. By watching to see which of the
two signals increases in amplitude as the antenna is rotated a few degrees, the operator can
tell the direction the antenna must be moved to
reach the on-target position.
Missile Response
A beam-riding missile must guide itself to

the target by following the scan axis of its
guidance beam. How does the missile determine whether or not it is on the scan axis?
The only guidance information available to the

Figure 8-10 represents a missile below the
scan axis of the guidance beam. The path of

the lobe axis is a circle. The amplitude of
the radar signal is at a maximum along the

axis of the lobe. As the lobe axis sweeps near
the missile, the signal will be strong; as it
sweeps away from the missile, the signal will

decrease. To the missile, it ;rill appear that
the signal strength is regularly changing in

amplitude at the same frequency as that of the
scan cycle.
The missile receiver is provided with a

detector which eliminates the r-f carrier
frequency and produces an a-m sine wave signal of the scan frequency. When this a-m
signal is present, the missile knows that it is
OFF the scan axis of the beam. When the a-m
signal is ibsent, the missile knows that it is
ON the axis. To see this clearly, look at
figure 8-10 and imagine the missile on the
scan axis. It is now at the same distance from
the lobe axis throughout the scan cycle, and
the amplitude of the r-f signal it receives

missile is that contained in the beam. From
this information, the missile guidance system remains constant.
must determine throb' things: (1) whether or
From the AMPLITUDE of the a-m signal,
not the missile is on the beam axis; (2) if not,
missile can determine how far it is from
how far it is off the axis, and (3) which way the
is on the
scan axis. When the missile
to go to get back on the axis. The first and the
signal
is zero,
axis,
the
amplitude
of
the
a-m
third requirements are fairly obvious. The indicating zero error. If it is only a short
necessity for measuring the AMOUNT of error distance from the scan axis, its distaine from
is less apparent.
slightly during the
During the early stages of guided missile the lobe axis changes only
development, one of the more serious problems was "overshooting." When a missile
moved off course, and received a signal intended to correct the error, it would turn back
PATH OF
toward the course, but overshoot and go too
LOBE AXIS
This
effect
was
SCAN
far in the opposite direction.
AXIS
caused by the lag in the. response of the control system to guidance- signals, and in the
response of the missile itself to movement of
its control surfaces. For practical purposes,
this problem has been solved by the use of
MISSILE
error signals proportional in magnitude to the
errors they are intended to correct. Thus, if
a missile is far from the beam axis it will
generate a large error signal, and its control
surfaces will be turned through a relatively
large angle. But, as the missile moves back
toward the beam axis, its error signal steadily
decreases, and the angle of its control 'Bur-.
faces is decreased accordingly. At the instant:
the missile reaches the beam axis, its control
surfaces will (in theory at least) have reached
33.152
their neutral position, and overshooting Will
Figure 8-10.Missile below the scan axis.
be prevented.

1911 OA
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scan cycle. The a-m signal will thus be small,
indicating a small error. Now, looking at
figure 8-10, imagine the missile at some point
on the circular path of the lobe axis. The

example, if the missile in figure 8-11 can determine that it is the LOWER lobe that has the
stronger signal, it will know that it must move
up
to get back on the scan axis.
variation in its distance from the lobe axis
are two fairly simple ways in which
dining the scan cycle is now at a maximum. we There
can
identify
the two lobes so that the misThe a-m signal will also be at a maximum, sile can distinguish
between them. (We cannot,
producing the maximum error signal and
of
course,
make
them
of different amplitude,
maximum movement of the control surfaces. since a missile
on
the
scan axis would then
(It is apparent that if the missile moves to detect a false error signal.)
Bcam-rider
a point OUTSIDE the circular path of the lobe
radar
transmission
consists
of
an
extremely
axis, the error signal will decrease. But this high-frequency carrier
does not happen in practice, unless the missile mitted in short bursts, wave, which is transor pulses, separated
is defective. The guidance and control sys- by periods of no transmission.
The pulse
tems are too sensitive to allow so large an repetition rate is ordinarily
in the order of
error to develop.)
from one to a few thousand per second. We
can identify the two lobes shown in figure 8-11
Using Two-Lobe Scanning System
by making them differ either in carrier freor in pulse repetition frequency. In
How the missile determines the DIRECTION quency
either
case
missile could easily be proof its error can best be explained in two steps. vided with athe
means
distinguishing between
Figure 8-11 shows an imaginary scanning sys- them, and could thenfordetermine
the direction
tem in which the lobe of radar energy, instead of its error.
of sweeping out a cone, has only two positions
the imaginary two-lobe scanning sysup or down. The two lobes are transmitted temThus
could
used for guiding a beam rider in
alternately. The figure shows the missile a vertical be
plane.
If we add two additional
below the scan axis, near the axis of the lower lobes, each of which the
missile can distinguish
lobe. The missile will receive signals from
from
the
other
two,
it
would
both lobes, but those from the lower lobe will to guide the missile to right also be possible
or left. It should
be of greater amplitude. If we can provide the now be apparent that we
can
guide
the missile
missile with some means for distinguishing in any direction by using
a
conical
scan.
between the two lobes, so that it can tell
WHICH ONE has the stronger signal, it can Conical Scanning
determine the direction of its error. For
Look back at figure 8-10. Assume that we
vary the signal frequency (either the carrier.

or the pulse rate) sinusoidally at the Scan

frequency.

UPPER LOBE

y AXIS
SCAN

AXIS

LOWER LOBE

>r

./". AXIS

MISSILE

Assume .that when the lobe is r.c
its highest point, the signal frequency is at a
maximum. As it moves around to the right
side of its circular path, the signal frequency
decreases to its average value. At the lowest
position of the lobe, the signal frequency is
a minimum. It increases to average value as
the lobe approaches the left side of its path,
and to a maximum as it returns to its highest
position. Thus the signal of the guidance beam
is frequency modulated at the scan frequency.
Note that the f-m signal is always present at
the missile, regardless of whethk-r it is on or
off the scan axis.

33.10'3

Figure 8-11.Two-lobe scanning system.

The missile receiver is provided with an
f-m section, the output of which is a sine wave
that indicates the instantaneous position of the
lobe in its scan cycle. The sine wave will
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have a maximum positive value when the signal frequency is maximum; it will pass through
,ero as the signal passes through its average
frequency; it will reach its maximum negative
value when the signal frequency is at a
minimum:
The missile can determine the direction of
ita error by comparing the phase of the f-m
signal with that of the a-m signal. Refer to
figure 8-10 again; here the missile is directly
below the scan axis. The signal will be strongest, and the a-m signal will reach its maximum
positive value, as the lobe passes through its
lowest point. At that time the signal frequency
will be minimum, and the f-m signal will be
at its maximum negative value. Thus the two
signals are 180° out of phase. If the missile
were above the scan axis, the a-m signal would
be strongest at the instant when the f-m signal
reached its highest frequency. Both signals
would be at their maximum positive value, and
therefore exactly in phase. There is a definite
phase relationship for every off-axis position
of the missile. If the missile is directly to the
right of the axis, the f-m signal leads the a-m
signal by 90 °; if it is directly to the left, the
f-m signal lags 90° behind the a-m.
Phase comparison is a fairly' easy job for
an electronic computer. The computer has
been designed to measure the phase relationship to determine the direction in which the
missile must move to return to the scan axis
and to sendthenecessaryorders to the control
system. The control system in turn, moves the
control surfaces to change the missile course
in the required direction.
To summarize: The guidance beam is
conically scanned, and frequency-modulated at

moved by the operator, and at the same time he
must compare the signals. With fixed or slowmoving targets he can, with practice, perform
these functions efficiently; however, when a
target flies at a high speed, it is almost impossible for a human being to do all the functions required for precise target tracking and
direction finding. Some World War II fire
control radars overcame this problem by using
one antenna and a motor drive device to switch
lobes without moving the antenna. When this
technique, called lobe switching, is used, lob

tag takes place at a rapid rate; thus more

signal amplitude comparisons can be made in a
given time.
Briefly, this is how the system works to
provide target direction in the horizontal plane.
The antenna produces two beams, one at a time,
switching rapidly from one to the other. The
feed is alternately changed in phase to create
the double-lobe effect. This phase shifting is
done mechanically or electrically by switching
feed lines, which eliminates the need for two
antennas and two receivers. The directions of
the two lobes differ by a small angle equal to
about one beam width. Signals are returned

to the radar as each beam strikes the target.

When the two echoes are compared, the strength

of one with respect to the other depends upon
the position of the target in relation to the
antenna direction, as shown in figure 8-12.
The returning signals are equal in strength

only when the reflecting object lies on the line

40- TARGET

the scan rate. If the missile detects an a-m

1

IR

signal, it will know that it is off the scan axis;

LI

R

Is'

if it detects no a-m signal, it will know that it
is on the axis. The amplitude of the a-m signal
indicates the size of the error. A large error

will produce a large movement of the missile
control surfaces. As the missile approaches
the beam axis the error decreases, and the
position of the control surfaces gradually returns to neutral to prevent overshooting. The
phase relation between the a-m and f-m signals
indicates the direction of the error.
Lobe Switching or Sequential Lobing

In either single- or double-lobe scanning,
described above, the antenna or antennas are

ANTENNA DIRECTED
TO LEFT OF TARGET

ANTENNA DIRECTED

AT TARGET

ANTENNA DIRECTED
TO RIGHT OF TARGET

RELATIVE SIGNALS FROM TWO SEAMS

LI

IR

LI

I/1

LI

IR

55.84

Figure 8-12.Lobe switching.
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bisecting the angle of intersection of the two
lobes. If the target is situated on either side of
this line, the echoes differ in amplitude in such
a way as to indicate whether it is to the left or
to the right of the antenna direction. The two
signals are compared visually, and the radar
operator moves his train handwheels to adjust
the antenna direction for equal amplitudes of
the received signals. To track an air target, a
second pair of beams is used to determine target elevation. These beams are lobed in a

vertical plane.
When lobe switching is used however, the
process itself introduces mechanical and elec-

trical problems which reduce the reliability

and tracking accuracy of the radar. The

limitations just mentioned spurred the devel55.68
opment of newer techniques to be used with
Figure
8-13.Monopulee
technique
of
automatic tracking circuits. Conical scanning
radar scanning.
was the result of this development program.
It provides the three-dimenSional sequential
lobing necessary to determine a target's posiThe amplitude of returned signals received
tion and to track it with high precision.
by each horn is continuously compared with those
received in the other horns, and error signals
MONOPULSE SCANNING
are generated which indicate the relative position of the target with respect to the axis of the
beam.
servocircuits receive these error
The methods of, scanning that you have just signalsAngle
and
correct
the position of the radar
studied are sometimes called sequential lobing, beam to keep the beam
axis on target.
because target information must be gathered
The
traverse
(train)
signal is made up of
from a series or sequence of pulses. Another signals from horns A and
C added
scanning technique, called monopulse or simul- horns B and D added. By waveguide and from
design the
taneous lobing, can obtain information on target sum of B and D is made 180° out of phase
with
range, bearing, and elevation from a single the sum A and C. These two
are
combined
and
pulse.
the traverse signal is the difference of (A +C) For target tracking, the radar discussed
Since the horns are positioned as shown
here produces a narrow circular beam of (B+D).
in
figure
8-14, the relative amplitudes of the
pulsed r-f energy at a high pulse repetition horn signals
give an indication of the magnitude
rate. Each pulse is divided into four signals of the traverse
error. The elevation signal
which are equal in amplitude and phase. The consists of the signals from
C and D
four signals are radiated at the same time from added 180° out of phase withhorns
A and B, i.e.,
each of four feed horns grouped in a cluster as (A +B) - (C +D). The sum or range signal is
shown in figure 8-13. The radiated energy is composed of signals from all four
feedhorns
focused into a beam by a microwave lens of the added together in phase.
It
provides
a reftype mentioned previously. Energy reflected erence from which target direction from
the
from targets is refocused by the lens into center of the beam axis is
measured.
The
the feedhorns. The amount of the total energy range signal is also used as a phase reference
received by each horn will vary, depending for the traverse and elevation error signals.
on the position of the target relative to the
traverse and elevation error signals
beam axis. This is illustrated in figure,8-14 areThe
compared
in the radar receiver with the
for four targets at different positions with range or reference
signal.
output of the
respect to the beam axis. Be sure to notice, receiver may be positive orThe
negative
and remember, that a phase inversion takes the amplitude of which is proportionalpulses,
to the
place at the microwave lens similar to the angle between the beam axis and a line drawn
image inversion in an optical system.
to the target. The polarity of the output pulses
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Figure 8-14.Monopulse scanningamplitude changes of received energy

indicates whether the target is above or below,
to the right or to the left of the beam axis.
Of course, if the target is directly on the line

of sight, the output of the receiver is zero,
and no angle tracking error is produced.

An important advantage of a monopulse

such as a whirling 'scanner to accommodate
while trying to do prenise tracking,
CONTROL AND TRACKING
RADAR TRANSMITTERS

tracking radar over one using conical scan is
that the instantaneous angular measurements
are not subject to errors caused by target
(As the target maneuvers or
scintillation.

A missile fire control system may use two
separate radar sets to perform the tracking and
guidance functions. When sets are grouped in
this manner, a separate synchronizer unit

measurement without regard to the rest of the
pulse train; no cross-section fluctuationedin
affect the measurement.
An additional advantage of monopulse tracking is that no mechanical action is required,

radiated into space. Missile fire control radars
usually operate in the. C-band, with a frequency
range, from approximately 5400 to 6000 mc.
Transmission may be by pulse radar method,

a master synchronizer) is used to
moves, the radar beams bounce off different (called
generate
timing pulses for each radar set and
areas of the target and cause random reflectiv- to coordinate
their operation.
ity which may lead to tracking errors.) A
The
transmitter's
purpose is to generate
monopulse tracking radar is not subject to this
deliver pulses or continuous waves of r-f
error because each pulse provides an angular and
energy to the antenna system where it is
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continuous wave (c-w) method, or a combination

on a target illuminated by a radar other than

pulse-Doppler radar method. A pulse radar
transmitter generates a very short pulse of
high energy radio frequency. The pulse radar
can measure range accurately and can detect
both stationary and moving targets.
In a c-w radar set, the transmitter generates a continuous wave of r-f energy, which

the missile's companion illuminator:
The transmitter section of the control radar
provides coded pulse groups of r-f energy to
the antenna (fig. 8-15A). The modulator re-

ceives the coded pulse groups and provides
triggers to the magnetron to cause it to oscillate for the duration of each individual pulse.
The r-f pulses then go to the antenna where
they are radiated into space. The transmitting
antenna or waveguide is nutated at the same
rate as the tracking radar ante= by a nutation
motor. If desirable, a reference generator is
mechanically coupled to the nutation motor to
provide a reference signal to the synchronizer
to vary the PRR. Figure 8-15A is a block
diagram of a typical control radar including
the nutation motor and reference generator.
Figure 8-15B is a block diagram of a typical
tracking radar.
The operation of fire control radars differs

is radiated from the antenna. When the radiated
energy strikes a target, a portion of the energy

is reflected back and is picked up by the
receiver antenna. If the target is moving
toward the transmitter, the frequency of the
echo is higher than the transmitted frequency;

if the target. is moving away, the echo frequency
is less than the transmitted frequency. If
the target is not moving, the frequency is not
changed. The shift in the frequency of the
reflected energy is due to the characteristic
of wave motion called the Doppler effect (discussed previously), or Doppler shift. This
difference is used for target detection. An
experienced operator can obtain much information about the target.
The pulse-Doppler radar combines the best

from that of most search radars in that a
single object is tracked.

OVER-THE-HORIZON RADAR

features of the c-w and pulse radar. The
One of the factors limiting the effective
pulse-Doppler method uses high frequency c-w, range of the radars described is the
in the form of short bursts, or pulses. The of the earth. Increasing the heightcurvature
either
pulse repetition rate (PRR) is much higher the transmitting or receiving antennaofwill
inthan that of a conventional.pulse radar, and the crease the effective range.
Thus
it
appears
pulse length is longer. The pulse-Doppler that a missile, because of the altitude at which
technique makes it possible to track targets it travels, can be controlled at extremely low
through unrelated noise and clutter that would range. Hui this is not true. The transmitter
mask the targets for a conventionalpulse radar. power necessary to deliver a satisfactory
conThe c-w radar- cannot be used to measure trol signal increases rapidly with
distance.
range of the target, but pulse-Doppler radar Therefore, for long range missiles, a single
can.
guidance system would be unsatisBasically, the transmitter is an r-f oscil- beam-rider
factory. These limitations can be overcome by
lator that uses magnetrons, klystrons, or trav- using beam-rider guidance during the
first part
eling wave tubes to generate microwave energy.
The operation of the transmitter is controlled

of the missile flight, then switching to a different
guidance system before the missile flies beyond
control of the radar beam.
This method of extending the range has been

it receives
the appropriate signal from the synchronizer.
C-w radar transmitters are also controlled
by a modulator, which may have another name,

that could look over the horizon, and a breakthrough has been announced. This may obsolete

by a signal received from the synchronizer.
Strictly speaking, control of the transmitter,
such as turning it on and off, is provided by a used for some of our missiles.
section within the transmitter called the modu- missile-makers have not been content However,
lator. In pulse and pulse-Doppler radars, the expedient. Work has been carried with this
for a
modulator is a special circuit designed to sup-* number of years to produce a radaron
system
ply power to the r-f oscillator when

but its purpose is the sameto superimpose

intelligence on the carrier. Coding the illuminating signal prevents the missile from homing

all the line-of-sight radars now in use. The
Naval Research Laboratory has produced
system called Madre (magnetic drum receiving
equipment), and another one called Teepee
(so-called because the electromagnetic wave

.1.41g11
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Figure 8-15.Block diagrams of weapon system radars: A. Control radar; B. Tracking radar.

follows a path that looks like a row of Indian
tents). Industrial firms have alsobeendeveloping similar systems. They all operate by
bouncing signals off the ionosphere. Technical

details of the operation have not been made
public.

3

SYSTEM OPERATION

Each component of a weapon system must

function properly if the weapon (missile or

other type) is to achieve its purpose of destruction of the target. Radars used in the system
have been classified according to the type of
modulation usad, the method of scanning, their
general or specific use, or the method of
transmission. There are other bases of classi-

fication, but these are the ones most coins
=nig used. According to specific use, we
have search radars, tracking radars, and control or guidance radars. Search radars scan
the surface and the air for possible approaching
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targets. When a possible target has be en detected

a tracking radar is assigned to it.
TRACKING RADAR

highest and the lowest positions of its scan
pattern. For each of these two positions, the
CRT produces a pip, the height of which is
proportional to the strength of the reflected
signal. Since the two pips are of equal height,

The tracking radar furnishes information

as to the position of the target. All target

position references are made with respect to

the scan axis of the tracking lobe.
The amount of energy in the beam falls off
rapidly at points away from the center of the
lobe. Figure 8-16 shows the relative amounts
of energy transmitted at various angles to one
side of the lobe d. is. Because of the variation

they indicate that the reflected signals are of
equal strength when the lobe is in its highest
and lowest positions. This can occur only when
the target is vertically centered with respect

to the lobesthat is, in a transverse plane
through the axis of scan.

Figure 8-17B shows the effect of a target

above the scan axis of the beam. When the lobe
is in its highest position, the target is directly
on the lobe axis, and the height of the CRT pip
is a maximum. When the lobe is in its lowest

in transmitted energy, there will be a corresponding variation in the strength of signals
reflected by targets at various angular dis- position the target is far off the lobe axis; its
reflected signal will be much weaker, and the
tances from the center of the lobe.
The tracking system is automatic. After pip on the CRT correspondingly small. This
the tracking radar has acquired the target, indicates that the target is above the scan axis.
A second CRT indicates the relative strength
tracking is maintained without the help of a
of
the
reflected signals when the lobe is at its
human operator. But the action of the tracking
system is monitored by an observer, who may extreme left and extreme right positions. In an
take over and track the target manually if the emergency, the operator can track the target
manually .by moving the radar so as to keep
automatic system fails.
the pairs of pips of equal height on both CRTs.
Each console (fig. 8-1, part 2, weapons
Display of Information
direction system) has a visual indicator which
is an oscilloscope, a cathode-ray tube with a
At the monitor station (fig. 8-1, part 2) fluorescent screen. Figure 8-18A shows the
indications of target position relative to the principal indicator on a target selection and
scan axis of the tracking beam are presented tracking console, called the Plan Position Indion two cathode-ray tubes (CRTs) mounted in cator (PPI). It displays the bearing and slant
display consoles. Figure 8-17 shows how the range of all the targets picked up by a selected
vertical position of the target, relative to the search radar. Targets are displayed on the
scan axis, is presented on a CRT. In figure scope as radar video (pips). To select a target
8-17A, the target is on the scan axis. Remem- and assign it to a tracking channel, the operator
ber that the tracking lobe is scanning a conical positions the pantograph sighting ring over the
pattern in space. The lobe is shown in'the target pip and then presses a channel button
on the console. Pressing the button gains
electrical access to that channel and simultaneously causes an identifying channel letter
to appear next to the target pip. Successive
corrections of pantograph position by the operator develop target course and speed data
100x'"' -^11111%
50%
that are inserted in the tracking channels and
OIRECITONOF
1111% INIXIMUM

DIRECTION OF
110% MAXIMUM

Sc sr%
OF IIMIMUNI

Tlwounno MEW

144.39

Figure 8-16.Variation in radiated energy
with distance from lobe axis.

the computer.
Figure 8-18B and C shows two plots provided on the director assignment consolethe
plan plot and the multipurpose plot. The plan
plot shows three range rings with true bearing
nortl, at the top. Each target being tracked
appeaes on the display as a letter, and moves as

the tat get moves.
197

The sector between the
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CRT INDICATOR
B

TARGET OFF SCAN AXIS
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Figure 8-17.Pips on the cathode-ray tube indicate target position in relation to the scan axis.
The speed of missiles makes computers
clearance lines (fig. 8-18B) indicates the area
necessary
to perform the fire control calculain which a missile director would lose track
because its radar beam would strike the ship's tions. The computer determines the proper
angle for the launcher and transmits the
superstructure. The clearance lines and the lead
ship's heading mark move electronically as the signals, electrically, that drive tb a 'tauncher to
the proper aiming position. The cc.mputer also
ship moves.
The multipurpose plot is used primarily for transmits tactical data such as present target
making time comparisons, and is also used to position, future target position, and missile
indicate the speed and height of targets being time to target intercept (time of flight), to
tracked. The three vertical lines A, B, ancjg display units.
in figure 8-18C represent the tracking channels
being used to tracktargets A, B, and C. Changes

are indicated vertically and you can read the

CONTROL RADAR

The components of a control (guidance) radar

values as you would read a thermometer* are shown in figure 8-15A; the components in the
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Figure 8-18.Target information displayed on weapon console scopes: A. Target tracking12.42:.43
display; B. Weapon direction equipment console plan plot display; C. Multipurpose console
plot.

missile which make use of the signals are

mation transmitted by the control radar. As
with other types of missiles, gyroscopes are
As explained earlier, a conical scan is one used
to indicate deviations about the missile
in which the lobe axis of the radar beam is axis of
rotation.
also provide a
moved s;; as to generate a cone. The vertex spatial reference forGyroscopes
the
missile
which is reof this cone is at the antenna. It is possible to lated to the vertical and horizontal
axes of the
produce a conical scan by any of several control radar beam. In effect, the missile
can
methods.
tell which way is up or down, right or left, on
.:;
the basis of its attitude with relationship to the
STABILIZATION
gyros. For example, when it receives an
A '41tude stabilization of beam-rider missiles indication from the control radar
that it is
is netwssa.t7 in addition to the guidance infor- above the scan axis, the gyros provide
the
shown in figure 8-2.
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internal references on which the missile determines that it must turn downward to get back
on the axis.
Accelerometers are also included in some
beam-rider missiles. Instead of providing
positional information as in the inertial navigation systems, they provide a refinement which

jam the guidance beam ,effectively, the jamming

transmitter must get behind the missile. Thus
a jamming transmitter would be of little value
as a defensive measure for a target aircraft,
because once the target gets behind a given
missile, it has already successfully evaded that
missile.
It is also possible to transmit the guidance
tends to prevent the missile from oscillating
beam
as a series of pulses having a definite,
along its axes of translation and prevent overshoot as the missile slides into beam center. coded sequence and amplitude. The missile
can be set to accept guidance signals only if
they follow the proper coded sequence, and to
ONE-RADAR SYSTEM
reject all other signals. By using a variety of
In a one-radar system, the. guidance beam code sequences, and by changing them often,
is always pointed directly at the target, since it is possible to make successful jamming
the same beam is used for tracking. One or very unlikely.

more missiles can be in flight at the same
time toward the same target. The traffic Capture Beam
handling capacity of the system is limited only

Beam-rider guidance is used by both airby mutual interference between missiles in
to-air
and surface-to-air missiles. In neither
Once
a
missile
has
entered
the
the beam.
beam path, no further operations are necessary
at the launching site, except to maintain target
tracking.

application is the missile actually in the guidance beam at the instant of launching, and the

enemy will always try to find countermeasures

target, and thus parallel to the guidance beam.

nullify, the effectiveness of the weapon. Some
attempted countermeasures are fairly easy to

launched from the deck of a ship, the "capture"

problem of getting it there must be solved.
For air-launched missiles, this is relatively
easy; the missiles are carried beneath the
Countermeasures
wings of the aircraft, fairly close to the guidOne factor must always be considered when ance radar, and they are fired directly foran offensive weapon is used. That is, the ward. In most situations this is toward the
that will enable him to offset, or completely

overcome; others may be highly effective.
Since radar is used as a guidance control,
the system is subject to any form of counter-

measure that will interfere with the radar

beam. The interference may take the form of
small sheets of metal foil, called "window,"
dropped by the target to give false information
to the tracking radar. The radar might, under
some conditions, be led to track the foil sheets
rather than the target.
Another form of countermeasure might be
an enemy radar set working on the same fre-

quency at the guidante radar. This type of

interference is called "jamming." The nature
of the beam-rider guidance system gives good
antijamming characteristics because the beam
is narrow and directional. The missile -carries
its receiving antennas on its alter end -oftfai
on its rear airfoils. These antemas are alsO
directional; they are mast sensitive to signals
originating behind the missile, and relatively
insensitive to signals originating in front. To

But when a surface-to-air missile is

problem is more complex. The missile may

be trained at almost any angle (except into the
ship's superstructure). Because the blast of
hot gases from the missile booster is deflected
along the deck at the time of launching, a large
area around the launcher must be kept clear.
The guidance radar must therefore be located
at some distance from the launcher. The

missile cannot be launched directly toward
the target, on a course parallel with the guidance beam.

Instead, it must be launched in

such a direction that it will CROSS the guidance

beam a few seconds after launching. It will
then turn toward the target, after it has been
captured by the beam.

But because the guidance beam is narrow,

merely aiming the missile to cross it is not
enough to ensure capture. To make capture

more certain, a broad CAPTURE BEAM (fig.
8-19) is superimposed on the narrow guidance
beam. Because the energy in the capture beam

is spread out over a large area, its effective
range is short.
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Figure 8-19.Beam-rider guidance: A. Relationship of guidance lobe and capture
lobe;
B. The missile and capture, guidance, and tracking beams.

During the launching phase of missile flight,
the control surfaces on the missile usually are
locked and the guidance system is inoperative.
The booster propels the missile in a direction

has the advantage of simplicity. But the use
of a single radar results in a serious problem.
Remember that the guidance beam is also the
tracking
beam, and must therefore be pointed
calculated to place it within the capture beam.
at the target throughout the missile flight.
When the booster drops away, the imetrol Except in one special casewhen
the target is
surfaces are unlocked and the guidance system flying directly toward the transmitterthe
takes over. The missile receiver is tuned to radar must be trained in order
to follow the
respond to the capture beam, and to seek its target. For a nearby, high-speed,
crossing
axis. In so doing, it turns itself toward the target, the angular rate of train
target and' aligns Itself in the guidance beam, The missile course, therefore, will be high.
be a
which has the same scan axis as the capture straight line. The missile mustcannot
constantly
beam. After a preset interval, a timing device move sideways in order to stay in the
beam.
within the missile changes the receiver timing. While the missile is relatively
close
to
The missile will then reject signals from the transmitter, its lateral rate is small. the
capture beam, and respond only to those in the as the missile approaches the target, the But,
same
guidance beam, which has a different coded angular. rate of train will require increasing
signal
-44
lateral acceleration of the missile.
Close-In Targets
Figure 8-20 illustrates this problem by
showing
three successive positions of the tarThe single-radar beam-rider system, be- get and the
missile. In this example,
beam
cause it uses only one radar instead of two, is trained to the left at an almost the
uniform
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collision point is computed from these facts.
The guidance beam can then be directed (proTARGET
COURSE

MISSILE

grammed) to the calculated point, and the

,'

Pew

missile follows the guidance beam as soon as
it orients itself after capture by the capture
beam. This is sometimes called an "up-andover" type of flight path. It permits the missile to reach high altitudes rapidly, where the
propulsion system can operate more efficiently,
thereby achieving greater speed and range.. It
also makes enemy countermeasures more dif-

'

TRAJECTORY lb

2

ficult.

ANGULAR
MOTION

OF BEAM
AXIS

Equipment

The two-radar beam-guidance system is
more complex insofar as ground equipment is
concerned, because of the addition of a computer and a second radar (fig. 8-21A). The
equipment in the missile is the same for either
system.
From the information that has been given,
it may be seen that the computer is an important part of a two-radar guidance system.
The computer takes informationspeed, range,
.

33.155

Figure 8 - 20 . Beam-rider missile following line

of sight (LOS) course, increases lateral acceleration as it nears target.

rate. The missile, in order to stay in the
beam, must accelerate to the left at a rapidly
increasing rate. In the extreme case shown
in the figure, the missile as it nears the target,
must follow a path almost at a right angle to
the beam. Even with its control surfaces in

and coursefrom the tracking radar. From

TWO-RADAR SYSTEM

Countermeasures

this information, it computes the course that
must be followed by the missile. Since the
computer receives information constantly, it
can and does alter the missile course as necessary to offset evasive action or changes in
by the target. The output of the computer
their extreme positions, the missile would course
controls
the direction of the guidance radar
probably be unable to turn at the required
Required course changes are instantly
rate. Thus a one-radar beam rider might be antenna.
the
useful against approaching targets, but ineffec- transmitted to the missile by pointing
intercept.
guidance
beam
toward
the
newpoint
of
tive against high-speed crossing targets.

The same countermeasures which would

The two-radar beam-riding system uses
one radar to track the target and a second
radar to guide the missile (fig. 8-21A). A
computer is used between the two radars and
controls the guidance radar. The computing
system uses information from the tracking
radar to determine the trajectory necessary
to ensure a collision behveen the missile and
the target. Because the same radar beam is

affect a one-radar system could be used against

the missile need not follow a line of sight

at be able to maintain the guidance beam,

no longer used for both tracking and guidance,

the two-radar system. But it would be more
difficult to destroy control effectiveness, bee
cause of the two radar beams and the computer
action. The computer stores guidance information as it determines the trajectory the

missile is to follow. Therefore, even if the
tracking beam were interrupted by countermeasures for a short time, the computer would

path, as was the case with a one-radar systetne4 and hold the missile on a probable collision
The guidance beam may be directed into space course with the target.
we mentioned earlier, lateral acceleraalong a programmed target intercept path (fig. tionAs
presents
a serious problem when a one8-21B). The speed of the missile is lmown, radar guidance
system is used, because the
the speed of the target is cadixdated, and the
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Figure 8-21.Beam-rider guidance: A. Two-radar beath riding guidance;
B. The programmed beam-rider.

144.40

missile course is changed by the angular

It is imperative that false targets be recogmovement of the tracking beam. This problem nized in the initial stages, for once the
weapon
is not present in a two-radar guidance system system starts tracking the false
target,
the
because the missile course is directed toward purpose of the false target is accomplished.
a collision point (fig. 8 -21B), rather thantovard A large number of targets,
real or false, can
the constantly changing position of the target. overload the tracking system
and cause a
Because course information is continuously fed breakdown.

to the missile guidance radar, the missile
trajectory is straight or only slightly curved
from the launching point to the target.

Countermeasures have become a standard
The countercountermeasure must eliminate the effects of
the countermeasure so the system can still
perform successfully.
Any countermeasure such as chaff and
decoys, which gives false target information

part of military operations.

LIMITATIONS

Every mechanical or electrical system has

limitations that cannot be exceeded. When working with complex mechanisms, such as guided

missiles, it is as important to know limitations
as it is to know the capabilities. Unless the
limitations are known, a costly missile might
be wasted.
One important limitation is the maximum
tends to obscure the true target position and range
at which reliable control can be mainmay overload the system with false targets. tained. We ha v e mentioned line of sight
A highly trained operator 'or an accurate dis- limitation. Bear in mind that this statement
cerning mechanism capable of distinguishing
not mean that the missile must remain
false targets from real ones is the most ef- does
within
of vision. It does mean that confective counter-countermeasure. damming trol mayrange
be lost if the path between the missile
signals cause loss. of the target signal and therethe guidance radar extends over the horifore loss of target position. Effective antijam- and
zon or is blocked by hills or mountains. The
ming devices have been developed and are perfection of over-the-horison radar
systems
installed on some ships and aircraft.
will make this limitation a thing of the past.
_
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Another limitation, previdusly mentioned,
is transmitter power. In theory, at least, any
amount of power can be generated. Radar
systems through pulse techniques make it pos-

sible to get large peak power output while keeping the average power output within reasonable
limits. Practical guidance systems have power
limitations due to cost, size, and weight. Obviously, bulky equipment cannot be easily trans-

The susceptibility of a guided missile to
countermeasures is a limitation to its use.

The effectiveness of countermeasure action can
be greatly reduced by using coded-pulse modulation of the radar guidance beam.

Missile enthusiasts at first believed that

ported or installed aboard ships or aircraft.
Therefore, a compromise must be reached to
ensure useful results with equipment of reasonable size.
It should also be kept in mind that the radar
beam increases in width and decreases in
power as the range is extended, resulting in a

missiles would replace all other types of ordnance, including small arms. Reflection and
experience have shown that guided missiles
are not the complete answer to the defense
problem. Most guided missile ships are equipped
with 3-inch or 5-inch guns as well as missiles
and other forms of ordnance. Some of the
early conversions to guided missile ships, in
which the guns were removed to make room for
an all-missile installation, are now being reequipped with guns to supplement the missiles.
Although there are many sizes and types of missiles, they are not the best solution for every

modern advances in radar technology.

defensive or offensive tactic.

decrease in both tracking and guidance accuracy at long ranges. Great improvements in
both range and accuracy have been made by

CHAPTER 9

HOMING GUIDANCE
INTRODUCTION

GENERAL

In previous chapters, we have discussed
guidance systems that are designed to place
and hold a missile on a collision path with its
target. As we have explained previously, missile guidance can be divided into three phases:

launching, intermediate or midcourse guidance, and terminal guidance. The proper func-

tioning of the guidance system during the
terminal phase, when the missile is rapidly
approaching its target, is of extreme impor-

tance. A great deal of work has been done to
develop extremely accurate equipment for use

in terminal-phase guidance.
This chapter will discuss some of the homing systems that have been found to be effective

as a means of attracting the missile. In other
words the target becomes a lure, in much the
same manner as a strong light attracts bugs at
night. Just as certain lights attract more bugs
than others, certain target characteristics provide more effective homing information than
others. And some target characteristics are

such that missiles depending onthem forhoming
guidance are very susceptible to countermeasures.
Other homing systems illuminate the target
by radar or other electromagnetic means, and

use the signals reflected by the target for
homing guidance.

The various homing guidance systems have
been divided into PASSIVE, SEMIACTIVE, and

ACTIVE classes. The name of the class indi-

cates the type of homing guidance in use.

for terminal guidance, as well as some systems that, in their present state of develop-

The PASSIVE homing systems are based on

mands to its own control surfaces, guide itself

If the target is illuminated by some source
other than itself or equipment in the minas,

use of the characteristics of the target itself
as a means of attracting the missile. The
ment, have serious limitations.
The expression HOMING GUIDANCE is used target becomes a lure, as described above.
to describe a missile system that can"see" the One such system uses radio broadcast waves
target by some means, and thenby sending com- from the target area as signals to home on.
to the target. (Use of the word "see" in this
context does not necessarily mean that an optical

system is used. It simply means that the target
is detected by one or more of the sensing systems that will be described later halide chapter).
Homing guidance is used not only for the
terminal guidance of some missiles, but also

for the entire flight, particularly ior short-

range missiles. The radar-homing Lark is the
first antiaircraft missile Mown to have intercepted and destroyed a target drone. The Bat,
used against Japanese shipping in World War U.,

was the first successful radar homing missile.
BASIC PRINCIPLES

Some homing guidance systems are baled
on use of the characteristics of the target itself

the system is known as a SEMIACTIVE HOMING system. For example, the target might be

illuminated by radar equipment at the missile
hunching station.
If the target is illuminated by equipment in

the missile, the system is called an ACTIVE
HOMING guidance system. An example is a
system that uses a radar set in the missile to
illuminate the target, and then uses the radar
reflections from the target for missile guidance.
A modified version of the semiactive guidance

technique is berm as a quasi-active homing

guidance system.
The components of homing guidance systems
are essentially the same in all types of homing,

but there are differences in location and in
methods of using the components.

psi
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operating under war conditions. In addition,
radio jamming can do a most effective job of
When the control surfaces of the missile confusing a missile that uses radio for homing
are activated by one of the guidance systems, guidance for it would receive signals from
the missile is showing response to the guidance several directions at the same time.
While it is possible to do a thorough job of
signals. A number of systems have been
confusing
a radio homing guidance system,
developed to respond to .a variety of signal
there
is
one
possibility that cannot be oversound,
radio,
sources. These sources are:
looked. The enemy must use electromagnetic
radar, heat, and light.
systems for communications and search, and
TYPES OF MISSILE RESPONSE

Sound

these systems can be used as a source of

guidance signals. Also,it is possible for subversive agents to plant small, hidden radio
If we go through the frequency spectrum transmitters in target areas.
from low to high, we can list systems in order
Several radio navigation techniques have been
of frequency and start in the audio (low) range.

applied to missile guidance. During World War II

torpedoes, which home on noise from the target
ship's propellers. But a guidance systembased

called Sonne. Circular methods of radio owl,
gallon were used for blind bombing. Position
of the target was determined by finding the

Because of these limitations, no current missile
uses a guidance system based on sound detection.
A system based on sound detection is known
as an acoustic system. During World War II

Radar

Sound has been used for guidance of naval the Germans devised a complex radial system

on sound is limited in range. The missile or
tbrpedo must use a carefully shielded sound location on a circle or circles about known
pickup, so that it will not be affected by its locations, measured by two ground station
own propulsion noise. And while the speed of signals.
a torpedo is low compared to the speed of
sound, most guided missiles are supersonic.

the Germans were developing two typed of acous-

tic guidance systems for use on the X-4 missile,

but the war ended before they were tried in

combat situations. An acoustic homing system

Although radar can be used for all classes
of homing guidance, it is best suited for the
semiactive and active classes. At present,
radar is the most effective source of information for homing guidance systems. It is not
restricted by weather or visibility, but under

is practically impossible to jam, and decoy some conditions it may be subject to jamming
devices are equally impractical. But the dis- by enemy countermeasure equipment.
Radar guidance is the type most used for
advantages mentioned above have notbeen offset
by discoveries or inventions that make adequate
use of the advantages. However, sound waves
behave differently under water than in the air.
Guided missiles whose terminal phase launder-

homing. Terrier, Taloa, Tartar, and Sparrow III
use the semiactive homing.

Heat
water make use of sound waves for guidance.
One form of passive homing system uses heat
Torpedoes and antisubmarine missiles are of as a source of target information. Another
this category.
name appliql to this system is INFRARED
Radio

Most homing guidance systems use electromagnetic radiations. Radio wave! are used in
one passive homing system. Homing is accomplished by an automatic radio direction finder
to a
in the missile. The equipment is

station in the target area, and the alone

homes on that station. This homing system is
not restricted by weather or viability. But ill
is tmlikely that a radio transmitter would be

homing guidance. Heat generated by aircraft
engines or rockets is difficult to shield. In ad-

dition, a heated path is left in the air for a

short time after the target has passed, and an

ultra-sensitive heat sensor can follow the heated

path to the object One present limitation is

the sensitivity of sensor milts. As sensor units
of higher sensitivity become available, infrared
homing guidance will become ftreasingly effective. Such systems will make it difficult to
jam the homing circuits, or to decoythe missile
away from the target.
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Light
1

A passive homing system could be designed

to home on light given off by the target. But,

like any optical system, this one would be
limited by conditions of weather and visibility.

And it would be highly susceptible to enemy
countermeasures.
A quasi-optical system which uses a television camera in the nose of the missile has
some interesting possibilities. The TV senses
the missile-aiming error, transmits the picture
to the launching aircraft, ground station, or
ship, where the corrective orders are computed
and sent to the missile.

switchover is usually accomplished by radio
command. At long range, it is controlled by a

navigational device, or by some form of built-in
programing system.
The U.S. Navy missile program makes use

of composite guidance systems in several of
its operational missiles. Taloa is a beam

rider during its midcourse phase, and switches
to radar homing for terminal guidance. Other

missiles, such as Terrier, Sparrow, Shrike

and Tartar, use homing guidance systems in one
form or another for terminal guidance. Although
Asroc is called an unguided missile, it uses
active acoustic homing guidance in its underwater phase.

USE IN COMPOSITE SYSTEMS
HOMING TRAJECTORIES

In command and beam-rider guidance, the
missile is controlled from the launching site,

A homing missile uses one of two methods in

its target by a wide margin.

As shown in figure 9-1, the use of pursuit

or from some other point at a considerable approaching a moving air target. When the
distance from the target. But neither of these missile flies directly toward the target at all
systems is very effective against moving tar- times, its flight path is described as PURSUIT
gets, except at relatively short ranges. The HOMING, or ZERO BEARING HOMING. When
reason is obvious. The closer the missile gets the missile anticipates the future position of
to the target, the farther it is from its control target, it uses the LEAD HOMING method.
point. At long range, a very small angular
error in target tracking, missile tracking, or PURSUIT HOMING
beam riding could cause the missile to miss

Sidewinder is a Navy missile that uses homing results in a rigorous chase. Note that
homing as its only source of guidance. It has the line of sight (LOS) is always pointing
been used very effectively at relatively short directly ahead of the missile, thus the term
range. But homing systems are based oninfor- zero bearing.
mation radiated from, or reflected by, the
All of the homing guidance systems we have
target itself. For targets at intermediate described have had the sensor unit (thermopile,

ranges, such signals are extremely weak, and
could be used only by missiles with powerful
and heavy guidance equipment. At long range,
such signals are entirely unavailable.
An answer to this problem lies in the use
of a composite guidance system. In this system, the missile is guided during its intermediate phase by information transmitted from
the latmching site, or other friendly control
point. During the terminal phase, it is guided by
information from the target. For intermediaterange missiles, either command or beam-rider
guidance is suitable duringthemideoursephase.

A long-range missile would depend either on
preset or navigational guidance to bring it to
the target vicinity. Missiles of both classes
can Switch over to homing guidance, based on
infrared or radar radiations, as they enter the
terminal phase. At intermediate range, the

light cell, microphone, television camera, or
antenna) mounted in the nose of the missile.

The sensor is OM to the missile frame so

that it maintains a constant relationship to the
missile axis. The equipment in the missile is
then able to process the information picked up

by the sensor, so that the missile can be
continually pointed toward the target.
Notice in figure 9-1 how the flight path must

curve as the missile approaches the target.

The sharp curvature In the path sets up strong
lateral accelerations during the terminal phase
of flight. These transverse accelerations present a strong objection to the use of a zero-

bearing approach against high-speed air targets.
There are two basic objections tothe pursuit

method. First, the maneuvers required of the

missile become Increasingly difficult during the

last (and critical) stages of flight. Second,
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CURVATURII CAUSES
HIGH
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MISSILE FLIGHT PATH

12.35

Figure 9-I.Pursuit homing, or zero bearing flight path.
missile speed must be considerably greater than

The most favorable application of pursuit

courses is against slow moving targets, or

target speed. As shown in the figure, the
sharpest curvature of the missile flight path for missiles launched from a point to the rear

occurs near the end of the flight. At this of the target or directly toward a head-on
time, the missile must overtake the target. incoming target.
If the target is attempting to evade, the last

minute acceleration , requirements placed on LEAD ANGLE OR COLLISION COURSE
the missile could exceed its aerodynamic capaThe second method of approach to the
bility, thereby causing a miss. Near the end
of the flight, the missile is "coasting" because target is called LEAD ANGLE course. It is
the booster and rocket rooter thrusts hit for also known as a CONSTANT BEARING or
a abort part of the flight. More power is re- COLLISION course or PROPORTIONAL NAVIquired to make sharp radius, high speed turns, GATION. The trajectory of a ground-to-air
at a time when the missile is losing speed and missile ueing this method of approach is shown
in figure 9-2.
has least turning capability.
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Figure 9-2.Lead angle method of approach to target.
Notice that the missile path from the launcher
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action, the computer automatically determines

to the collision point is a straight line. The a new collision point. It then sends signals to
missile has been made to lead the target in the guidance package or control unit (autopilot)
the same manner as a hunter leads a bird in in the missile, to correct the course so that it
flight. In order to lead the target and obtain bears on the new collision point.
a hit, a computer must be used. The systems
As shown in figure 9-2, the collision
devised for computing lead angle for guns have and the successive positions of missilepoint
been adapted for missile firing. Lead angle target form a series of similar triangles. and
If
has always had to be computed in orderto obtain the missile path is the longer leg of the tria hit on a moving target. The hunter has to angle, as it is in the figure, the missile speed
estimate mentally how far ahead to aim in must be greater than the target speedbut it
order to hit the running game or flying bird. need not be as great proportionally as with a
Early gunners devised various mechanical aids zero-bearing approach.
to help them locate the target, estimate its
The transverse acceleration required of a
speed, determine its direction of movement, missile
using the lead-angle approach is comand compute the amount of "lead" necessary paratively small.
so they could fire where the target was going
In lead homing missiles, the missile comto be at the time the bullet

or shell mould get
network calculates the rate of change of
there. Modern rapid - firing guns and supersonic puter
lead angle and generates a solution which, when
missiles are much too swift for such calcula- applied to the controllers, will cause flight
tions. Computers are necessary to make path corrections to reduce the rate of
change
calculations as speedy as possible, and elec- to zero. When this has been done, the missile
tronic control signals are needed to keep the will be on a collision course with the target.
missile on the calculated course.
Should the target change course, the lead angle
The computer continually predicts the point will change. The missile sensors will detect
of missile Impact with the target. If the target this change, and the computing network will
takes no evasive action, the point of impast determine a new solution to put the missile
remains the same from launching time until the back on a collision course. The missile turns
missile strikes. Mould the target take evasive at a rate proportional to the rate of the line of
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sight rotation and in the proper direction to re-

duce the rotation of the line of sight to zero
(proportional navigation). The final (and most

important) part of the flight path will be a
straight line. Therefore, the accelerations
required by the missile at this time are negligible.
PASSIVE HOMING SYSTEM

get is obviously on that side. A second pair of
sensors could be mounted vertically to sense
radiation above and below the pitch axis.

Another infrared passive homing system

makes use of a sensing device mounted in gimbals, and driven by servomechanisms. The system is so designed that the sensing device will
constantly be trained on the target. Thus the

train angle of the sensor with relation to the
heading of the missile can be used to produce

correction signals.
A passive homing device that uses radiofreAs mentioned earlier inthis chapter, passive quency intelligence is a radio direction finder.
homing systems can be used when the target Intelligence may be derived by comparison of
itself radiates information. Therefore, all of phases, as with a pulse type radar. However,
the response systems, with the possible excep- detectors of this type depend on radio or radar
tion of radar, might be used. The exception radiation from the target. If the target mainto .radar would not apply if a signal from the tains radio and radar silence during an attack,
target could be picked upby a radar receiver set this means of detection is useless. For practiin the missile. This system would be unreliable; cal reasons, therefore, a passive homing system
that
the only source of target information would be should rely on only those sources of energy
Heat
and
cannot
be
controlled
by
the
target.
under enemy control, and could be switched off
light
are
two
such
sources,
althoughlights
can
be
at will. But missiles using such a system
would have one distinct advantage: they wrAtle blacked out to prevent detection.
deny the enemy the use of his own radar. Properties of Heat Radiation
Passive homing guidance can be used for
Before examining several types of infrared
air-to-air, air-to-surface, surface-to-surface,
sensors,
let us take a closer look at the subject
advantage
or surface-to-air missiles. One main
of
heat
radiation.
of a passive system is missile equipment simHeat is produced by any material whose
plicity. No transmitter is needed in the missile,
and the missile tracking equipment can be very temperature is above absolute zero (-273.16°C.
small and compact. A second advantage is that or -459.69° F.). Heat is a result of the motion
the passive system is an independent system of molecules; it is a form of kinetic energy
which can be transferred by only three proconce the target is acquired.
esses.
In the process of CONDUCTION, the heat
BASIC PRINCIPLES
energy is transferred from molecule to moleThe passive homing systems most widely cule by actual contact. Metals, in general, are
used at present are based on infrared radiation good conductors of heat. Oases are much poorer
from the target. The sensing mechanism is so conductors of heat than solids, due to the reladesigned that It candeterminethe direction from tively large distances separatinggas molecules.
CONVECTION is the process of transferring
which the infrared radiation is received; the
heat
by movement of a heated substance. For
guidance system can then steer the missile in
example,
a home furnace warms the air around
that direction. There are several ways in which
it.
Due
to
its increase in temperature, the air
the sensing device can be made todeterminethe
direction of an infrared source. For example, will rise and therefore carry the heat to another
two sensors could be mounted with a baffle be- location.
Our main source of heatthe sunsupplies
tween them, so that the one on the right can reus
with
heat energy throughthevacuum of space.
ceive radiation from straight aheid, or from any
This
heat
energy is transferred by the process
point to the right of the missile yaw axis. The
Of
RADIATION,
that is, the process of electroother sensor will receive radiation cominefrom
straight ahead or from the other side of the yaw magnetic wave transmission. The electromagaxis. When both sensors receive the same netic waves which produce heat in any object
amoimt of radiation, the target isdirectlyahead. that absorbs them are called infrared waves.
If the radiation is stronger on one side, the tar- Figure 9-3 shows the infrared portion of the
GENERAL

UV
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Figure 9-3.Infrared portion of
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cussed earlier in this text), the infrared sensors
have proved most satisfactory for the passive
homing systems. Some of the heat sensors
which might be used in passive homing missiles
are described below.
THERMOCOUPLE.One of the basic heat
detectors is the thermocouple. When two dissimilar metals such as iron and copper are
joined together and heat is applied to the junction, a measurable voltage will be generatedbetween them. This is sometimes called the Seebeck (a German physicist) effect. Figure 9-5
shows a basic thermocouple.

The voltage difference between the two metals

electromagnetic spectrum.

is quite small, but the sensitivity can be increased to a point where the thermocouple becomes useful as a detector of heat. The in-

electromagnetic spectrum. It is between the
visible light and the microwave (radar and radio)
regions. The frequencies in the infrared spectrum are in the millions of megacycles. In this
illustration, the wavelengths are in microns. A

crease in sensitivity is obtained by connecting,
or stacking, a number of thermocouples in se-

The infrared spectrum maybe subdivided into the near-infrared (NIR ) (0.76 to 2.00 microns),
the intermediate' infrared (IIR) (2.00 to 6.00
microns), and the far infrared (FIR) (6.00 to

tion is similar to that obtained when a number
of flashlight cells are connected in series. That
is, the output of each individual thermocouple
is added to the output of the others. Thus, ten

Heat-Detecting Sensors

infrared radiation to which it is exposed.

micron is equal to 1 x 10-6 meters in length.

ries, so that they form what is known as a
THERMOPILE. The complete thermopile ac-

1000 microns).,
thermocouples with individual output voltages of
It is interesting to note that the frequency of .001 volt, would have a total output of .010 volt
infrared radiations emanating from a body is when connected in series.
The sensitivity of a thermopile can be further
determined by the motion of the surface molecules. Since this motion is random, the infra- increased by mounting it at the focal point of a
red radiations consist of many frequencies. parabolic reflector. When this method is used,
The frequency of maximum radiation, however, heat given off by the target is focused on the
depends on the temperature of the body. Figure thermopile by the reflector. By making the de9-4 is a plot of the radiation from four objects vice rotatable, the source of highest intentity of
of different temperatures. Note that very high heat radiation may be located.
temperatures produce both visible and infrared
BOLOMETERS. A bolometer is a device
radiation, and that cooler objects produce only made of a very sensitive material whose
reinfrared.
sistance will vary, depending on the amount of
There are two main classes of bolometers

In view of the rather simple methods of BARRETTERS and THERMISTORS. A barret-

countering light sensors and radio sensors (dis-

t

MI

(STRENGTH
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ter consists of a abort length of very fine wire

10
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. Figure 9- 4. Infrared radiation at different temperatures.
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Figure 9-5.A basic thermocouple.
(usually platinum) which has a positive tempera-

ture coefficient of resistance. (A resistance has
a positive temperature coefficient if its value
increases with temperature, and a negative coefficient if its value decreases with an increase

A

in its temperature.) The thermistor is a type
of variable resistor made of semiconducting

material, such as oxides of manganese, nickel,
cobalt, selenium, and copper. The thermistor
has a a negative temperature coefficient of resistance. Thermistors are made in the form of
beads, disks, rods, and flakes, some of which
are shown in figure 9-6. The bead thermistor
(fig. 9-6B) could be used as a sensing-element
pickoff unit as well as in a control system. It
has small mass and a short time constant.
The heat-sensitive materials of thermistors
are mixed in various proportions to provide the

specific characteristics of resistance versus
temperature necessary for target detection.

SUPPORT
WIRE

GLASS LEAD
THERMISTOR BULB WIRE
B
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Figure 9-6.Thermistors: A. Various thermistor forms; B. Construction of bead thermistor.

The thermistor has the larger temperature co-

efficient of resistance, and therefore is the

more sensitive.
Figure 9-7 shows a simple modern bolometer; it consists of four nickel strips supported
by phosphor bronze springs. These springs are
supported by mounting bars, which have electrical connection leads attached to them. A sil-

vered parabolic reflector (mirror) is used to
focus infrared rays on the nickel strips. The

bridge Imbalance current, produced as a result
of resistance changes, is used to set In motion

the other sections of the guidance system to

ciple that a pressure-volume change occurs in a
gas when its temperature is changed. At the

forward end of the cell is a metal chamber

which encloses the gas. The front of the chamber is covered by a membrane, which acts as a
receiving element. The back of the chamber is
closed by a flexible mirror membrane. Infrared energy entering the window raises the temperature of the gas in the chamber and causes
expansion of the gas. The resulting increase in
pressure distends the mirror membrane.

produce correction signals.
GOLAY DETECTOR. Still another form of
infrared 'detector is a GOLAY DETECTOR shown

In figure 9-8. It is also knows as a pneumatic
detector. This detector is a miniature heat engine. The Golay heat cell operates on the prIn-

212

The lamp at the after end of the detector

emits alight beam which is focused by the lens
and that passes.through the grid and onto the
reflecting diaphragm. The expansion and contraction of the gases between the window and
the diaphragm will cause the diaphragm to change
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Rapid advances in the theory of photoconductivity and in the technology of constructing

WINDOW

practical radiation detectors based on this

phenomenon have greatly improved the facility
with which measurements can be made in the

NICKEL
STRIPS

region 1 to 5 microns. The materials use" are
sensitive throughout the visible spectrir .

SPRINGS

MOUNTING
BAR

'.1

as in the infrared. The cell that
ie
over the widest range of wavelengwe is not

necessarily the best choice for each application.
Photoconductive cells do not depend for their

response on being warmed by the incoming

MIRROR

radiation.

Photodetectors are of three typesphoto-

LEAD WIRES
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Figure 9-7.A simple modern bolometer.

its shape in proportion to the amount of infrared
entering the window. Changes in shape of the
diaphragm will cause its light-reflective properties to vary accordingly. The light reflected
from the diaphragm will then pass back through
the grid, which is designed to intensify thevariations of the reflected light. After passing
through the grid, some of the light strikes the
mirror and is reflected to a photocell of high
sensitivity (not shown in the figure). The output
of the photocell is a voltage proportional to the
intensity of the infrared radiation entering the

window.

The Golay detector has the most rapid re-

sponse of any infrared detector, but it can
operate only when radiant heat is received inter-

mittently. For some guidance systems this factor makes the Golay detector useless; in others
it causes no difficulty.
PHOTOELECTRIC CELLS.In the lighthoming guidance systems, the pickup device or
sensor is a photoelectric cell. The operation of
this device is based on the fact that certain
metallic substances emit electrons wh they
are exposed to light. Modern
ectric
cells are quite sensitive to light variations; but,
because light is easily interrupted, the system

conductive, photovoltaic, and photoemissive.
The photoconductive type is the one we have
been describing. It uses material that varies
in resistance according to the radiation exposur e . The elements used are usually lead
sulfide, lead selenide, lead telluride, and germanium.
Photovoltaic cells are used chiefly in photographic light meters. They are usually not
sensitive enough for communication purposes.
Photoemissive cells produce an electrical
charge when exposed to light waves. They are
relatively insensitive but provide high fidelity
and low signal-noise levels. One of the limiting
factor in photocells is the signal-to-noise
ratio.
Other Radiation Detectors
LUMINESCENT DETECTORS.Luminescent effects are those that appear as a visible
glow on films or screens that have been exposed to radiation. The term fluorescence
means that the process of emission of electromagnetic radiation is the result of absorption
of energy by the fluorescent system. Fluorescent materials glow only as long as the radiation continues, while phosphorescent materials
continue to glow for some time afterward.

-

wim0Ow

GAS
remASER.

REFLECTING
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is subject to interference. One type of photoelectric cell is shown in figure 6-2.

The objection to photoelectric cells hasbeen
partially removed by the recent development of
cells with a sensitivity in the
region.
However, the extension of the range of operation changes the sensor from a pure photoelec-

tric device to a thermoelectric device. It is
then similar in operation to a heat sensor.
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Figure 9-8.A Golay detector.
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DETECTORS.Photographic
emulsion plates chemically coated with substances that are sensitive to the shorter wavelengths are being developed by the Navy.
CHEMICAL

TARGET CHARACTERISTICS

In passive homing, the target itself must

provide all the necessary information for missile guidance. For this reason the characteristics of an individual target will determine which
types of homing system can be used against it,
and under what conditions they can be used.

If the target is fixed in location, and has

some characteristic by which the missile can
readily distinguish it from the surrounding area,
the homing guidance problem is simplified. Figure 9-9 represents an air-to-surface cr.' stazeeto-surface missile, using a light-sensing guW.,.
ance system to home on an industrial building.
While such a missile might be useful in a surprise attack, industrial plants would certainly
be blacked out during a war. A light-homing
missile would then have no way to distinguish
the target from its background. But infrared

directed toward remedying this shortcoming of
the early mots of the missile.
A sound-homing system might also be used
against a jet aircraft target, even though both
target and missile are traveling faster than

sound. Such a system might be used in a tail
chase, provided the target does not maneuver
radically. But you have probably observed that
when a jet passes over at moderate altitutde,
the sound appears to come from a point at some
distance behind the aircraft. A sound-homing
missile would steer itself toward the source of
sound, rather than toward the target itself. For
an approaching or crossing target, the required
trajectory would be too sharply curved for the
missile to follow.
MISSILE COMPONENTS

When passive homing guidance is used, the

missile must contain ALL of the equipment

needed to pick up, process, and use the information given off by the target. The kind and
amount of equipment required is determined to
a large extent by the guidance system used, and
Considerpassive homing could be used inthis application. by the characteristics of the target.
the
maximum
ation
must
also
be
given
to:
And it would probably be more effective than
operatrange,
informition
required,
accuracy,
light-homing, since the heat generated by an
ing
conditions,
type
of
target,
and
speed
of the
industrial plant can not be readily controlled._
system
Figure 6-3 represents a passive infrared target. The components of the 'guidanceseparate
the missile can be sectionalized for
homing missile attacking an aircraft. The in
of each
Navy's Sidewinder uses this type of guidance. discussion. We will explain the purpose
diagram
of
section.
Figure
9-10
shows
a
block
The tailpipe of a jet aircraft is a strong source
system.
a
passive
homing
guidance
of infrared radiation, which cannot be concealed.
In a tail-chase attack, the Sidewinder is highly
effective. Against an approaching jet aircraft, Antenna or Other Sensor
missiles dependent upon this type of guidance
Since information given off by the target is
would be quite useless. Improvements in the
to
be
used for guidance, some means must be
Sidewinder missile guidance system have been

LIGHT SEEKING MISSILE

TARGET

33.90

figure 9-9.Missile using light-homing guidance.
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Figure 9-10.Passive homing guidance system, block diagram.
provided to pick up the information. For electromagnetic systems, a conventional radio or

Should the sensor temporarily lose sight of
the target, a spiral or sawtooth/scan, as shown
in figure 9-11, could be used to find the target
again. Notice that both types of scan cover a
large area.

radar antenna (streamlined into the missile)
would be used.

A heat - sensing detector, rather than an antenna, is used with infrared homing guidance
systems.

In spiral scanning the amount of tiltgiventhe

dish is varied as the dish is nutated, resulting
in a spiral pattern. Sawtooth or vertical scanAntenna or Sensor Drive
ning is used to determine position angle and alPrevious chapters have described antenna titude of the target. (Position angle isthe angle
scanning methods. The reflectors mentioned between the horizontal and the line of sight to
for heat or light homing sensors act in the same the target.)
way as a radar reflector. Therefore, greater
The scanning action is controlled by the ancontrol accuracy can be obtained by scanning a tenna or sensor drive unit, which is shown in
target with the reflector and sensor units.
the block diagram of figure 9-12.

I

/I
ANTENNA

/

I

ENERGY

I

PATTERN

I

(SENSOR)

/I
I

A
1

I

//1

/
/
ENERGY

PATTERN

ANTENNA
(SENSOR)

Figure 9-11.Spiral scanning and sawtooth or vertical scanning.
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ERROR
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Figure 9-12.Infrared target detection: A. Infrared detector which uses four bolometer arms;
B. Guidance system using a bolometer.

After the antenna or sensor has picked up . Signal Converter
the information, other equipment in the missile
The output of the sensor unit is an extremely
must convert the information into error signals,
small
voltage. This voltage is fed to a signal
if the missile is off course. Before this can be
done, however, there must be something to converter, which builds up the strength of the
signal and interprets the information contained
compare with the sensor signal.
in it. The output of the signal converter is fed
to the pitch and yaw comparators along with the
Reference Unit.
signal from the reference unit.
The comparison voltage is taken from the
reference unit. This voltage may be obtained Comparators
from an outside source, or it may be taken
from recorded information that was put into the
The comparators are electronic calculators
missile before launching. Actual operation of
that
rapidly compare reference and signal voltthe missile guidance controls takes place only
ages
and determine the difference (error), if
when an error signal is present. Note that.the
reference unit is connected, to both tliepitch and any, between the two signals. It is possible for
yim comparators in the block diagram of figure an error signal to be developed in the pitch
9-10. Various types of reference units and comparator while no error signal is developed
reference devices were discussed in chapters in the yaw comparator. Should this happen, the
missile would be higher or lower than the desired
5 and 6.
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trajectory. The output voltage from the pitch the insulating segments, and no error signal
comparator is then fed to the missile automatic results. With an off-center target, the circle
pilot.
of the rotating target image is now offset from
the
center of the bolometer. In this condition,
Autopilot
the bolometer arms divide the circle into unequal sectors and, as a result, the image interThe automatic pilot, or autopilot, operates sects the flakes when the commutator arms are
missile flight controls in much the same way on the conducting segments, and the proper eras a human pilot operates airplane controls. ror signals are developed.
The components making up the autopilot assemAs the mirror scans the target area (fig. 9bly have been described elsewhere in this text. -12B), the thermal image of the target
is reIn order to shift the flight controls, the autopilot flected onto the flakes, causing their resistance
must get "orders" from some circuit. The to change. When the resistance of each changes,
orders are in the form of error signal voltages the voltage at the junction of each pair will rise
from the comparators. The error signal volt- or fall, depending on which flake is affected,
ages operate motors or hydraulic valves which, thus transforming the infrared signals into
in turn, operate the flight control surfaces. $ electrical voltage pulses. These pulses are
transmitted to the amplifier section as either
INFRARED TARGET DETECTION
vertical or horizontal information. The commutator converts the two channel signals
Regardless of what materials are used in four channels of intelligence correspondinginto
to
infrared detectors, the sensing elements are UP, DOWN, LEFT, or RIGHT. in the ERRORusually placed at le focal point of a parabolic DETECTOR section. The terms horizontal and
mirror, or are used in conjunction with lenses vertical as used here refer to the signals dewhich provide maximum concentration of the veloped by the vertically and horizontally posiinfrared signals at the sensitive surface. The tioned bolometer flakes, and do not necessarily
sensor unit is commonly referred to as a homing imply that such signals will cause correspondhead.
ing turning of the homing head.
exact
One method of obtaining directional informa- designation of the intelligence is notThe
available
tion is by the use of a rotating mirror whosii until the signals reach the SENSING CIRCUITS
optical axis is offset from its axis of rotation in the error detector.
so that the focal point describes a small circle.
The function of the amplifier section is to
In this arrangement, the detector often consists amplify and rectify the pulse signals delivered
of four bolometer elements arranged in cruci- by the bolometer so that only positive pulses of
form pattern. It is placed so that the focused high amplitude are available at the outputs for
radiation sweeps across each of the elements in
succession, as shown in figure 9-12A.
In addition to the mirror and detector, two
commutators' are included in the homing head,
each of which contains a pair of conducting segments separated by insulating spaces. One

commutator connects one pair of bolometer
flakes to the left-right control circuits, while
the other connects the remaining pair to the updown circuits (fig. 9-12)3). Each commutator
has a rotating arm which isdrivenbythe mirror
shaft. When the target is dead ahead, the ro-

tating target image formed by the mirror describes a circle centered with respect to the

the error detector. There are two complete
channels in the signal amplifier and errordetector sections; one channel processes the

signals from the horizontal bolometer flakes;

the other uses the signals from the vertical pair.
(The two channels are identical.)

The gyroscope is used for stabilizing the
homing head and for measuring the angular

rates about the line of sight (LOS).
RADIO FREQUENCY PASSIVE
HOMING GUIDANCE

A passive. homing device using radio
bolometer arms. As a result, thepolometer quency intelligence is the direction finder. freThe
arms divide the circle into four .900 sectors. intelligenCe may be derived from phase comIn this condition, each time the image intersects
one of the bolometer arms, the signals developed

cannot pass to the control circuits, because at
this instant the commutator arms are on one of
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parison techniques (such as an interferometer)
if the energy transmitted by thetarget is of such
form as to make this possible. For example, if
the target is operating a pulse type radar, phase

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

comparison techniques would be possible.
Another means of deriving intelligence from the
energy transmitted by the target is by comparison of the amplitude of the received signal during the scan cycle. Such techniques canbe used
only if information is available concerning the
frequency band in which the target is transmitting. In addition, it is necessary that the missile receiver be capable of being tuned over this
frequency band..

LAUNCHING STATION COMPONENTS

In a semiactive homing guidance system, the

launching station components are similar to
those required for a beam-rider guidance system (chapter 8). The target is trackedby radar.

The tracking radar itself may be used as the
source of target illumination for missile guidance, or a separate radar may be used for this
purpose.
The transmitter may be a surface installation
on the ship or at a shore station, or it may be in
an aircraft. The transmitted energy may be in

SEMIACTWE HOMING SYSTEM

the form of radio, light, or heat. The missile
launcher may be in close proximity to the transmitter, but not necessarily so.

BASIC PRINCIPLES

In a semiactive homing system the target
is illuminated by some means outside the target or the missile. Normally, radar is used
for this type of homing guidance, by sending a
radar beam to the target. The beam is re-

MISSILE COMPONENTS

The missile, throughout its flight, is between the target and the radar that illuminates
the target. It will receive radiation from the
launching station, as well as reflections from
the target. The missile must therefore have
some means for distinguishing between the two
signals, so that it can home on the target rather
than on the launching station. This can be done
in several ways. For example, a highly direc-

flected from the target, and picked up by
equipment in the missile. The radar transmitter might be located at a ground site, or
it might be aboard a ship or aircraft. See

Because the energy transmitter
is not in the missile, but on the larger delivery
vehicle (ship, aircraft), the size and weight of

figure 6-8.

the transmitter can be much larger than in tional antenna may be mounted in the nose of the
passive homing missiles, permitting the use of
longer- range, high power transmitters. The
missile, without a transmitter, has space for
additional explosive material to increase the
area of damage, more propellant to increase
its range, or more guidance equipment to in-

missile. Or the doppler principle maybe used to
distinguish between the transmitter signal and
the target echoes. Since the missile is receding
from the transmitter, and approaching the tar-

tages are gained at a price. Since the missile

missile is called the seeker or seeker head. It
receives echoes from the target. The semiactive
homing antenna system locates the target and
automatically tracks it. The tracking process
locates the line of sight between the target and
the missile. A computer in the guidance system
uses this tracking information toproduce steering signals. The missile, however, does not fly
along a line of sight, but follows a collision
course, or rather, a refined collision course.
The missile receives this refinement before it
is launched. It receives this navigational information through the warmup contactor of the
launching system. Most of our missiles are

get, the echo signals will be of a higher fre-

quency.
The radar receiving antenna in the head of the

crease its accuracy. However, these advan-

operates solely on energy from the transmitter
on the ship (or aircraft), the ship cannot break
off the attack, or attack another target, while
it has missiles in flight. While the time of

flight is very short, it could be a decisive
moment during which the transmitter is not
free.
A modified version of the semiactive technique has the transmitter located in the mis=
sile and the receiver of the reflected energy
at some remote point. Computation of the
desired flight path takes place at the remote
point and suitable commands are sent to the
missile. This system is known .as a quasiactive homing guidance system.

given a warmup period just before loading on the

launcher and a final warmup while on the

Semiactive homing is used for all or part launcher, just before firing.
To intercept high-speed targets like a superof the trajectory of several of our best-known
sonic
aircraft or a missile, the semiactive
missiles, including Terrier, Taloa, and Tartar.
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homing missile must follow a lead (collision)
course. If the target flies a straight-line
constant-velocity course, the missile can also
follow a straight-line collision course if its
velocity does not change. In actual situations,
there usually are variations in speed, change in
path, maneuvers of the target, etc. The missile
has to adjust its direction to maintain a constant
bearing with the target. The components in the
missile must be able to sense the changes and
make the necessary adjustments in its course
to the target. Missile velocity seldom is constant. Irregular propellant burning changes
thrust and therefore affects speed. Wind gusts
and/or air density can change the speed and
path of the missile. The same factors can influence the target. The missile must use proportional navigation, described in chapters 2 and 6,
and at the beginning of this chapter, to achieve
target intercept. If the missile path is changed

To achieve the desired straight-line course
during the final and critical portion of the attack, the missile must turn at a rate greater
than the line of sight is turning. By over-

flight path follows a pursuit curve and the missile

A comparison of figures 9-10,9-14, and 9-15

correcting the missile path, a new collision

heading is reached and the bearing angle will
remain almost constant, especially near intercept. This technique results in a proportional
navigation course (fig. 9-13B). It is sometimes
called the N factor, or navigation ratio, which
is the ratio of the rate of turn of the missile to

the rate of turn of the line of sight (rate of
change of target bearing). The missile fire
control computer on shipboard computes the
ratio and transmits it to the missile launching
system for transfer to the missile's guidance
and control system.

For the purposes of this text, we can think

of the missile guidance components divided
at the same rate as the target bearing (fig. into several distinct sections. These as
are shown
9-13A), the missile will have to turn at an in- in block diagram form in figure 9-14. Note that
creasing rate (positions 1 to 6), and will end up these are the components inthe missile; launchchasing the target (positions 6 and 7). This ing station guidance components are not shown.
will
cannot maintain a constant bearing with the show much similarity of components. As pointed
target. It is just keeping up with changes in out at the beginning of this chapter, all types of
,target bearing- and may not be able to catch up homing guidance use the same blocks of comwith the target.
ponents. Their location and/or use will differ.

Figure 9-13.Proportional navigation: A. Pursuit curve;
B. Overcorrection to produce proportional navigation.
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ciated equipment must be designed in such a way
as to produce directional information which will

enable the missile to be guided to the target.
To carry out this function, the receiving
antennas are mounted in a gyro-stabilized homing head. The gyros provide the up-down, rightleft references on which the missile will base its
maneuvers to approach the targetby the proportional navigation method.

YAW
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COMPARATOR

Figure 9-15.Active homing system;
block diagram.

Figure 9-14.Semicative homing systems;
block diagram.
In both the active and semiactive homing sys-

H

SIGNAL
CONVERTER

144.44

144.43

tems, the missile receiving antennas and asso-

UNIT

shift is proportional to the range rate. The range

rate, plus antenna turning rates and position,
are supplied to the autopilot, which steers the
missile on a proportional navigation course to
intercept.
Antenna Drive

In some systems, the homing guidance antenna may use a form of conical (or nutating)
scan in order to take full advantage of the guidance signal. Conical scanning (fig. 8-6) has
the advantage that the antenna can receive sigAntenna
nals from points off the missile axis. This decreases the chance that the missile, while homRadar is generally used for semiactive hom- ing, may lose its target and go out of control.
ing guidance. The antenna in the missile must The drive unit keeps the antenna continually
therefore be capable of detecting radiation at pointed at the target.
radar frequencies. It is mounted in the nose of
the missile, since information is being obtained Receiver

from the target area and the missile is ap-

proaching the target nose first. When a beamriding system is used for the intermediate phase
of guidance, a separate beam-rider antenna is
mounted near the tail of the missile. Some missiles with a semiactive homing system also have

a small antenna at the after end of the missile,
rearward-looking, to receive illuminator energy
directly from the illuminator.radar. This rear
signal is used as a reference to which" the front
signal Is compared to determine the missiletarget closing rate. This closing rate (range

rate) is detected by measuring the Doppler effect
which causes a frequency differencebetweenthe

incoming front and rear signals. The Doppler

A radar-type receiver must be used in the
missile when radar is used for semiactive homing. The signals picked up by the antenna as it
scans the target area are fed into the receiver.
The receiver operates in a conventional manner
as described in chapter 7. The signals at the
output of the receiver are not suitable for use
in activating the missile flight controls without
further processing.
Signal Converter

The receiver output is fed to the signal converter, which changes the signal to a form that
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can be used for comparison with signals from
another section of the missile electronic equipment.
Reference Unit

The reference unit furnishes the comparison
signal. This information might be placed in the
missile just prior to launching. It could b e stored
in a variety of forms, such as magnetic wires,
magnetic tapes, punched paper tapes or punched
cards. Before a guidance system can function,
an error signal must be produced. The error
in flight path, if any, can be determined by
comparing the reference signal and the signal
from the converter section. Comparison of the
two signals takes place in other sections of the
missile electronic equipment.

Comparators

The missile flight controls may be used to
correct the lateral or vertical trajectory of the
missile. Since it is possible for the missile to
be on the right course vertically but off course
laterally, two comparators are used. The output
from the reference unit and the output from the

signal converter are fed to both the pitch and yaw
comparators.
Should there be no difference in the two signals at either comparator, the controls would
remain in neutral position. However, should
there be a difference in the two signals at either
comparator, error signals will be generated.

The error signals are not suitable for use in

controlling the missile flight surfaces and must
be sent to other sections of the guidance system
before they can be used.

assistance from any other outside source. The
semiactive homing system needs some source
outside the target or missile in order to obtain
course information.
The advantage of the passive system is that
it needs no source of information other than the
target. The equipment carried by the missile is
less than that required for most other systems.
The disadvantage of the passive guidance system
is its dependence on the target. It is highly unlikely that an enemy would leave target areas
lighted, or permit electromagnetic broadcasting
from the target areas.
In the semiactive system, control information comes from a source outside the missileor
target area. A semiactive homing system depends for guidance on equipment outside the
target area or the missile. This requires extra
equipment, both in the missile andat the launching or control point. Semiactive homing systems, like most guidance systems, are subject
to jamming and other forms of interference.
However, antijamming devices in modern
missiles, and switching capability that permit
switching to another method when the signal is
jammed by the target, have greatly reduced the
effectiveness of jamming tactics.
ACTIVE HOMING GUIDANCE

BASIC PRINCIPLES

The active guidance system uses equipment

in the missile to illuminate the target, and to
guide the missile to the target. (See fig. 6-8).
Usually, a radar set is used for target illumination. The signals return to the missile as radar
echoes, which are processed for use as guidance
signals.

Autopilot

The missile flight control surface operation MISSILE COMPONENTS
is controlled by autopilots. These devices area
combination of gyroscopes and electrical units
The missile components in an active homing
which have been described elsewhere in this .guidance system include all those
in a semimanual. The autopilot, controls operation of the active homing guidance system,used
plus a radar
hydraulic or erictric system which, in turn op- transmitter and duplexer. The principal comerates the flight control surfaces. There are two ponents are shown in the blockdiagram of figure
autopilotsone for the pitch control surfaces 9-15.
and one for the yaw control surfaces.
COMPARISON WITH PASSIVE HOMING

The passive guidance system obtains all

guidance information frOm the target, without
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Antenna

The antenna is the same as described for the
semiactive system; and is mounted inthenoseof

the missile.
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Antenna Drive

Autopilot

When the target area is conically scanned,
the antenna driving unit provides the power
needed for this purpose.

The missile flight controls are operated by
the hydraulic system, which is activated by the
autopilot in the same way as described for the
semiactive system.

Transmitter

The transmitter carried in the missile is
similar to a conventional radar transmitter. It

COMPARISON WITH SEMIACTIVE
HOMING SYSTEM

The active homing guidance system may be
used in any application where the target can be
distinguished from the surrounding area by the
radiation it reflects. Of course, the more prom-

may use either FM or pulsed modulation. Since
homing guidance does not require long range
equipment, the transmitter power can be considerably less than that used for commandguidance or tracking. The method of modulating the
transmitter can be changed frequently to lessen
the effectiveness of enemy countermeasures.

inent the target, the greater the accuracy of

homing guidance.

An advantage of the active homing guidance

system is its independence from any outside

source of target illumination. At the same time,
this is a disadvantage because of the added equipment needed in the missile. Also, the system is
subject to countermeasures. But this problem is
less serious than it might be, because thehoming
guidance equipment is active for only a relatively
brief part of the missile's flight time.

Duplexer

The duplexer is a form of electronic switch.
In operation, it serves to connect the antenna to
the transmitter during the sending of a pulse.
At the same time, it presents a high impedance
(electrical opposition) at the receiver input. This

keeps the powerful transmitter pulse from

INTERFEROMETER HOMING

damaging the receiver.
As soon as the pulse is transmitted, the duplexer then offers a low impedance path from
the antenna to the receiver. The action of the

Interferometer homing is homing guidance in
which target direction is determined by comparing the phase of the echo signal as received

at two antennas precisely spaced a few.wavelengths apart. The interferometer is a device
transmitting and receiving.
for measuring interference, using the interference as the measuring tool. Acoustic interReference Unit
ferometers measure velocity and attenuation of
sound waves in a gas or liquid. The Michelson
The reference unit in the activehoming guid- stellar interferometer solves the problem of
ance system serves the same purpose as those in measuring the diameter of stars too small or
the passive and semiactive homing guidance distant for telescopic measurement. Various
other interferometers are used for other exsystems.
acting measurements.
Missile pitch and yaw rates are compared
Signal Converter
duplexer provides an automatic switqhing means
so that the same antenna can be tiSed for both

with the interferometer signal and the difference
is used as the steering signal. Both active and

The output of the receiver is fed to the signal
converter, so that the reflected signal will be
suitable for comparison with the output of the
reference unit. The purpose and operation of the

semiactive homing systems make use of the
interferometer principle.

signal converter is the same as for the semi-

INTERFEROMETER PRINCIPLE

active homing guidance system.

To determine the target's position with

respect to the missile, the receiving antenna

Comparators

The comparators serve the same purpose as
those in the semiactive system.
222

system in the missile relies on the interferometer principle.. To understand how this principle
is applied, first refer to figure 9-18. In this
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combined signal would vary at 4 cycles per sec-

ond, etc. Thus, by using the interferometer,
TRANSMITTER

we can determine both the direction and the rate
of movement of the transmitter.
Unfortunately, if the transmitter were moved
to the left in the foregoing example, the same
variations of the combined signal would result.

To allow the interferometer to determine

LOAD

33.170
Figure 9- 16. Interferometer principle.

figure, a pair of stationary receiving antennas
(A and B) are receiving information from a
transmitter. located equidistant from them (at
point 1). (The transmitter can be considered to
be relaying reflected radar energy from a target.) Since the antennas are equidistant from
the transmitter, the signals fromthe transmitter
will arrive at the two antennas in phase. The
signals will therefore add across the load to
produce a resultant signal of maximum amplitude. If the transmitter were now moved to point
2, the differences in distance from the transmitter to the antennas would cause the signals to
arrive at the antennas in a different phase re-

lationship, thereby resulting in a different amplitude of the combined signal. If we continue to
move the transmitter to the right, the amplitude
of the combined signals will vary sinusoidally.
We can therefore say that the direction of the
transmitter from the antenna system can be determined by the amplitude variation of the combined signal.
The RATE of transmitter movement will
cause the combined signal to vary at a specific

rate. For example, if the transmitter Moved to
the right at 4° per second,, the combined signal
might vary at 2 cycles per second. As the transmitter moved to the right at 8° per second, Ma

whether a target is moving to right or left, it is
necessary to add a phase shifter to one antenna
(fig. 9-17). The phase shifter provides the effect
of scanning the antenna B sensitivity lobes at,
for example, 200 cycles per second. With the
transmitter on the center line, the signal from
antenna A will vary at 200 cycles per second
with respect to the signal from antenna B. Now,
if the transmitter moves, the 200-cycle component associated with antenna B will increase
or decrease to indicate the direction of target
motion. If the target moves to the right, for
example, this component might increase to 201
cycles per second. If the target moves to the
left, the component might decrease to 199 cycles
per second.
With the phase shifter included inthe antenna
system, the missile can now detect changes in
target motion to the right or left as well as the

PHASE SHIFTER

33.171

Figure 9-17.Interferometer with phase
shifter on antenna B.
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rate of target motion in either direction. To de-

tect target motion in the vertical, the same

principles are involved in installing a separate
antenna system and phase shifter in the missile
nose, one antenna being located above the other.
You will remember from the early part of
this chapter that proportional navigation was
based on a nonrotating LOS. Since the resultant
signals produced in the antenna system Just

described are produced by LOS rotation, the mis-

sile accepts these signals and generates control
surface correction signals which tend to reduce

:

the LOS rotation rate to zero. When this has
been achieved, the missile will be on a collision
course with the target. Any changes in target
course and speed will be immediately sensedby
the antenna system in the missile, and further
corrections will be made as necessary.

6
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CHAPTER 10

_OTHER GUIDANCE SYSTEMS
PRESET GUIDANCE

It may also be used for one phase, usually
the initial phase, of the trajectory of a missile.
In setting up a flight plan for preset guidance, missile speed is used to determine the
required time of flight. Assume, for example,
that a missile is to be fired at a target 500
miles north of the launching site. The direction and distance of the target from the launch
site have been accurately determined. Assume
that the speed of the missile can be controlled,
or at least can be predicted with enough accuracy to program the flight.
If we assume an average missile speed of
2000 miles per hour, the missile would require
15 minutes to travel from the launch site to the
target. The built-in control system would take
the missile to cruising altitude, keep it headed
north for 15 minutes, and then move its flight
surfaces to make it dive straight down on the
target.

INTRODUCTION

In earlier chapters we described guidance
systems in which the missile trajectory depends on information received from one or
more control points, or from the target itself.
But, under certain conditions, these systems
are impractical. This is especially true for
long-range missiles. In this chapter, we will
discuss several guidance systems in which
the missile is independent of control points

.

and target signals.

Perhaps the simplest of these is the PRE-

SET GUIDANCE system. In this system, all the
information needed to make the missile follow a
desired course and terminate its flight at a

desired point, is set into the missile before it
is launched. This information includes the desired heading, altitude, time or length of the
flight, and programmed turns (if any).

The preset missile is

Preset guidance has several limitations.
Such things as headwinds and crosswinds will
obviously affect the speed and course of the

PROGRAMMED to

carry out certain functions along its flight path.
Examples of the functions which a preset missile may carry out are changes of course and
speed, arming of the warhead, and commencing
a dive on a target (terminal phase).
In the preset missile, information relating

missile. To compensate for the effects

to the target's location must be set into the
missile prior to launch. The position of the

launching site must also be knoWn with accuracy.
With this information known, the preset functions

enable the missile to attain the proper altitude
and course, measure its own airspeed, and, at
the correct, time, initiate the terminal phase of
flight.

Preset guidance may be used when the tar.

get is beyond the range of .control points; or

when it is necessary to avoid countermeasures
such as limn-ling of radio or radar signals, that
might be effective 'if the missile.were guided by
outside signals.
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wind, the missile needs some means for measuring its ground speed, and for changing its air
speed . as required. But,. when solid fuels are
used, changing the air speed of the missile is
difficult.
Crosswinds may exist at one altitude but
not at another. Thus, the altitude at which a
missile operates may .have a pronounced effect
on its course. If the effect of wind on missile
heading cannot be controlled by choice of altitude, then, it must be controlled by programmed

steering of the missile. One of the greatest
liznitations of .a preset guidance system is that
the flight* program cannot be changed after the
missile is 'launched. Therefore, precise information on winds along the missile flight path
*needed for accurate programming.
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only after a specific altitude has been reached,
this altitude being determined by an altimeter.
As another example, missile booster separation
may be scheduled to occur 6 seconds after

The moat publicized preset guided missile,
the German V-1, achieved devastating success

in spite of its limitations (until the British
found a way to intercept it).

launchor it may be programmed to occur at
the point that a certain thrust acceleration has
been achieved. Coui ae and speed changes as

INFORMATION SET IN THE MISSILE

The initial course, or heading, of a missile well as other functions can be carried out with
may be preset by training the launcher to the relation to the elapse of specified time interproper bearing. This operation is of course vals or on the occurrence of other preset consimilar to training a gun mount. Some missiles ditions.
Depending on the objectives of a missile
may be fired vertically, and thentske the proper
using
preset guidance, various timers, speed
information.
course on the basis ofprogrammed
measuring
devices, etc., have been devised to
Once the missile is started on the correct headenable
the
missile
to carry out the preset funcing (initial phase), its own control equipment
tions.
Many
of
these
devices may also be found
takes over.
in
missiles
which
are
not of the purely preset
Physical references such as gyros and
magnetic compasses may be used to determine type. For example, a homing guidance missile,
deviations from the preset course and to keep although not classified as a preset missile, may
be equipped with one or more of the devices.
the missile on the correct heading.
Various types of timers used in missiles
The missile altitude may be corrected by
were
described. and illustrated in chapter 5.
changing the pitch of the missile. A barometerThe
timing
system in a missile activates a
type sensing element is Connected to a servo
mechanism that operates the flight control series of actions from prelaunch to target insurfaces. When the barometric pressure changes .terception.
It is reemphasized that the preset missile is
because of a change in 'altitude, the servo acts
distinguished
from other types of missiles in
to bring the pressure back to the preset value by
that
there
is
no
electromagnetic radiation concorrecting the missile's altitude. Although this
method of altitude control is not extremely ac- tact between the control point and the missile
curate, the control pressure can be preset to and that ALL missile functions are programmed.

fairly close tolerances before the missile is

HEADING REFERENCE

launched.

One of the most precise components of a
preset guidance system is its timing section.
Accurate timing elements are available to fit
almost any requirement. The distance covered
by a missile during its flight is determined by
its ground speed and the length of time it is in
the air. Therefore if the speed of the missile
is known, the controls may be preset to dive
the missile at the end of a definite time inter-

The use of the term "reference" with regard
to missiles was explained in chapter 5. The
missile control systems must have a reference
from which to measure the up-down or rightleft deviation of the missile. Since the desired
heading is a compass direction, the sensing

It is 'important that you realize at this point

programmed to occur at preset nines.
The electrically driven gyro is another type

certain CONDITION has.been achieved.
For example, a niiseile may be programmed
to assume level flight' 30 seconds after launchor it may be progranimed to assume level flight

launching, with the gyro wheel spinning rapidly, the axis is pointed in the desired direction before the gyro is uncaged. During the
Missile flight the gyro axis continues to point

unit may be a form of compass.

The flux valve and its uses in control

systems were described in chapter 6. If mag-

netic headings are to be followed, the flux
anything from a simple watch movement to valve may be used as the sensing element.
an electronic circuit controlled by a tuning By using a time reference in combination witha
fork or a crystal oscillator. The time interval magnetic reference, the missile controls may
may be set at, any time before launching, but be preset to follow a single heading for the required time. Or changes in heading can be
of course it cannot be 'changed during.flight.

val after launching. The timing element can be

that the actions carried out by -4 missile in
flight may be preset to occur either. after a of heading control. The gyro's spin axis is
certain amount of.TIME his elapsed; or when a tangent to:the earth's surface. At the time of
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in the original direction, and the missile can
therefore use it as a steering reference.

Generally, an air log is attached to the
outer surface of the nose of the missile, and
The function of gyros in missiles was consists of a small four-bladed impeller
described and illustrated in chapter 5.
mounted on a shaft that drives a reduction
gear with a ratio of 30 to 1; that is, for every
ALTIMETERS
30 revolutions of the air screw, the driven
In previous chapters we have shown that an gear makes 1 revolution.
altimeter can be used to control missile altiThe driven gear is made of insulating matude within small limits. Altitude control is an terial, and carries a pair of contacts mounted
important part of preset guidance, since it is at diametrically opposite points. These conpossible to get favorable wind direction or avoid tacts close a magnetic relay circuit twice in
unfavorable winds by choosing the proper each revolution of the gear, or once for each
altitude.

With supersonic missiles it is important

to get the missile above the earth's atmosphere
into the higher regions where the air is thinner
and the pressure is much less, so that the missile can fly faster and farther. The trajectory
of the missile is dependent to a great extent on
the altitude at which it flies, and the altitude
set for it is determined in pilot by the distance
to the target.
The reference for preset altitude control is

15 revolutions of the air screw.
The magnetic relay is connected to a device
called a digital indicator (originally called a

Veeder counter). The counter mechanism is
similar to that of the total mileage indicator
(odometer) of an automobile. The counter is
shown in cross-section in figure 10-1.
To use the air log for length-of-flight regulation, the calibrated drums are turned to a
setting that represents the desired distance of

travel for the missile. Each time the contacts
normally a potentiometer in one arm of a of the magnetic circuit close, they trip the
bridge circuit. A potentiometer in an adjacent
arm of the bridge is operated by a pressuresensitive bellows system. The bridge can be
preset for balance at the desired altitude. When
the missile reaches the preset altitude, its
flight control surfaces will bring it into level
flight. Any subsequent change in pressure will
unbalance the bridge, and the amount and direction of unbalance will determine the cor-

VEEDER
COUNTER

4

FROM AIR LOG

rection to be applied. This system will be
described in more detail later in this chapter.
The two basic types of altimeters, barometric pressure altimeters and absolute or

radar altimeters, were discussed in chapter 5.
An altitude transducer is an altimeter with an
electric output. Because of its simplicity and
accuracy, the altitude transducer is used as
the primary altitude control or reference in
even the latest guidance systems.

LENGTH OF FLIGHT

In 1mi-speed missiles an AIR LOG, as well
as a timing device, can be used to measure the

distance covered during missile flight. The

air log operates on the principle of an air screw,
or impeller which makes a specific number of
revolutions while moving through lie air for a
given distance at a given speed. The number of
revolutions per unit of distance depends on both
the pitch of the blades and the density of the

air.

1631

227

144.45

Figure 10-1.Mechanical digital indicator,
cross section.
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counter mechanism, thus indicating that a certain
specific distance has been traveled. Each time

During the launching period, high acceler7

terminal dive on the target.
Note that this method of measuring speed is
used for LOW SPEED missiles.

stand the launch acceleration. The
may involve the use of comparatively insensitive
components, or a temporary alteration of the
regular components.

ation puts a great strain on normal guidance
the mechanism is tripped, it moves the drums components and prevents their use. The acprecess
back one digit from the preset figure. When the celeration forces may close relays,
iar
beyond
accelerometers
gyros,
an.d
saturate
count reaches zero, the predetermined dessensitivity
needed
for
normal
guidance.
the
the
tination has been reached. This maybe either
point where the warhead is to be detonated, or For this reason, most midcourse guidance
to withthe point at which the missile is to start its systems must be modified extensively
modification

Figure 5-20 is a diagram of an airspeed

The precautions against high acceleration

reference and transducer unit, which may be
used to measure airspeed and to control it. See

damage to components include careful balancing and positioning of elements that are not used
during the launch cycle. In addition, movable

chapter 5 for a discussion of its operation.

Transducers were also touched upon in chapter
3, in connection with telemetering equipment.

parts of regular guidance systems are locked

The use of doppler radar to determine the in position, or the circuits in which they operate
missile-target closing rate (range rate) was are neutralized to withstand the launch acceleradescribed briefly in chapter 9 for the homing tion.
Missiles are designed to have sufficient
system. Doppler principles were explained in
flight
stability during the initial period of high
chapter 8. The doppler signal varies directly
acceleration,
before the regular guidance systhe
with the range rate. The application of
tem
takes
over.
The regular guidance system
mechanical, electrical, and electronic comtimer or it
ponents to measure the doppler frequency, may be unlocked by an internal
section, if
booster
filter out noises, amplify the difference fre- may be activated when the
any, drops off.

quency, and supply the information to the computer vary with the missile system. An electronic

A preset guidance system might be used
for
the midcourse part of a flight. When used
circuit called a speedgate locates the doppler
in
a
composite system, the preset system
signal, acts as a bandpass filter, and closely
a sepafollows any frequency shift in the signal. The would turn the missile control over tothe
misrate
terminal
guidance
system
when
from
the
doppler
range rate information gained
application
sile
approaches
the
target.
In
an
signal is fed to the autopilot to keep the missile
might
on course. (A "gage" in electrical and electronic of this type, the preset guidance system
in
the
event
be
set
up
to
take
over
control
again
terms is a circuit that permits another circuit
operate.
the
terminal
guidance
system
did
not
to receive input signals only at 'set intervals,
the missile reached the approxior only when a certain set of input conditions Then, when
the preset guidhave been met. The appropriate combination mate location of its target,
detonate
it or cause
ance
system
would
either
of "gating pulses" opens the gate.)
it to dive, depending on the setting.
We've mentioned World War II missiles that

used preset guidance or a combination of
guidance methods. Of later vintage is the

USE IN COMPOSITE SYSTEMS

Corporal, an .Army surface-to-surface nuclear

A composite guidance system is made up
of two or more individual guidance systems.
These systems may work' together during all
phases of the missile's flight, or they may be
programmed to operate successively. It is
sometimes necessary_to combine systems because of the wide differences in requirements

weapon deployed in Europe (being replaced by the
Sergeant). It uses a combination of preset and

command guidance. (The Corporal missile will

be used for other purposes, with a differint
type .of warhead.)

Most missiles have some values preset into
the guidance system, although the preset values
may not control the whole flight. The time of

that must be met to ensure that the missile
is a preset time
reaches the target. Let us review these re- booster cutoff, for example,missile,
although
as
determined
for
a
given
quirements, to see how preset guidance may
the
missile
may
be
a
beam
rider.
Before
the
be used in a composite system.
228.
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missile is launched, a timer in it is set for the

calculated period.

BALLISTIC MISSILES

Our best known ballistic missile, the Polaris,
makes use of a number of preset values in its
course. It therefore seems appropriate to discuss ballistic missiles Immediately after preset
guidance systems.

ELEVATION 45.
MAX. R NGE

A ballistic missile is a missile which,
during a major part of its flight, is neither
guided nor propelled. During this part of the
12.3
flight it follows a free ballistic trajectory,
Figure 10-2. Theor etical trajectories at
like a bullet or a thrown rock. A number of various gun elevations (ignoring air resistance).
factors operate to determine the trajectory of
a bullet, a rock, or a ballistic missile. These

factors include the point of origin, the initial
direction and velocity, air pressure, wind, and
other factors. discussed in chapter 2 of this
text.

,.
......

If all of these factors are accurately

known, it is possible to calculate the point at
which the ballistic .object will strike the earth.
And, if the desired point of impact is a target
at a known location it is possible, for any given
launching point, to calculate an initial course
and velocity that will result in a hit.
The matter of "leading" a moving target in

order to hit it was explained in a previous
chapter. If you have had any target practice
you know that there are several factors to
calculate when aiming at a stationary target
and additional problems when the target is

.. .

TRAJECTORY Y

%./ IN VACUUM

ee .
TRAJECTORY

IN AIR

%

HORIZONTAL

TRAJECTORY

IN AIR

moving. YoU know about "allowing for the wind."

The effect of the .wind varies, of course, with
its strength and direction. The force of gravity
steadily pulls the, projectile downward, so you
have to raise your gun and aim above the
target to offset the downward pull. The greater

the angle of gun elevation,. the greater the
rangeup to a point. Temporarily ignoring
air resistance, we find that range increases
with the angle of launcher. or gun elevation, up
to 45 degree;-, After that point, increasing the
elevation increases the height reached by the
projectile, but decreases ..the range. Figure
10-2 shows. some . theoretical trajectories.
Figure 10-3 compares trajectories in air .and in
vacuum. Since many of our missiles have part
of their Arajectory through higher akeas of the
atmosphere where. the . pressure is very low
(not a complete. vacuum);.the effect on the tra-

12.4:.5

Figure 10-3.Comparison of vacuum and air
trajectories: A. In range; B. In elevation.

,

that the missile is launched vertically. Since
the Polaris passes through more than one
atomospheric region, the effect of the different
conditions upon the trajectory must be calculated. The proportionate differences between
air and vacuum trajectories, represented in
figure 10-3 are not accurate for all projectiles

or missiles because the effect varies with

jectory must be calculated. Refer. to .figure characteristics of the object. It does show
2-24 (trajectory of the Polaris missile).. Note how drastically air resistance affects trajectory.
229
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A fourth factor that affects trajectory is drift,

which is a product of the interaction of three

other factorsthe spin of the projectile, the
force of gravity, and air resistance. These cause
the projectile to veer toward the right or left,
and is determined by the direction of spin.

The fifth factor that distorts the trajectory

is the earth's rotation and curvature (really

two separate factors). For most gun projectiles

it makes little difference; but for long-range
missiles both effects must be entered into the
computations for missile trajectory. The de-

The foregoing discussion of preset guidance

applies principally to aerodynamic missiles,
in which the control surfaces are capable of
correcting the trajectory throughout the flight.
But preset guidance has features that make it
useful in the initial control of ballistic missiles. One possible ballistic system combines

features of both preset and command guidance.

Another combination is preset with inertial
guidance for the guided portions of the tra-

jectory. The problem has already been stated:
from known factors, it is possible to calculate
an initial velocity and direction that will produce
flection in the flight path is known as the Coriolis a ballistic trajectory ending at the target. The
effect. It affects the time of flight, the lateral target location is known; because of the great
deviation, and the range deviation. In the range, target location is determined from
northern hemisphere the deflection is to the maps, rather than by observation. The locaright; in the southern hemisphere it is to the tion of the launching point is also known. In
left.
the development of the Polaris missile system,
The mass of calculations necessary for each a majOr part of the total effort was devoted to
shot is performed by computers. Many of the development of a Ship's Inertial Navigation
calculations are performed in advance and System (SINS), by which the Polaris launching

tables set up to be applied as needed.

In

modern missile systems the application of the
calculations is also doneby computers. Remember, however, that the computer does not think;
it can work only with what is put into it.
The ballistic missile presents a more complex problem than a gun projectile. Its range
may be measured in thousands of miles, rather
than thousands of yards, and its initial velocity
is lower than that of a gun projectile. Thus the
forces that would tend to influence its trajectory
have a much longer time to act. But, at long
ranges, ballistic missiles have several outstanding advantages. First, they may leave the

ship can determine its own position with the
required accuracy. Note (fig. 2-24) that only

the last stage of the Polaris trajectory is

ballistic.
But other factors, such as air pressure and
wind at various altitudes, cannot be determined
with comparable accuracy. And, because of
the extreme range, a small error in the initial

direction or velocity will result in a large
error at the target. The ballistic missile system deals with this problem by controlling the
missile's direction and velocity not at the instand of launching, but at a later timeafter the

missile has risen above most of the atmosearth's atmosphere completely; a large part phere, but while it is still within range of radio.
of their flight is in space, where they cannot
Ballistic missiles are launched vertically,
be affected by wind or air pressure. Second, and climb straight up in order to get out of the
they dive on the target at a steep angle, at atmosphere as quickly as possible. At a preset
many times the speed of sound; this makes altitude, the guidance system turns the missile
interception nearly impossible. Finally, a bal- onto the required heading, with the required
listic missile is invulnerable to electronic angle of climb. The missile is tracked, concountermeasures during the major portion of tinuously from the launching point, so that its
its flight. Any guided missile is subject to position is known as long as it is within radar
jamming or deception by electronic counter- range. Its instantaneous velocity can be determeasures, although coded guidance systems mined either by establishing a range rate, or
may make this difficult, to do. But a ballistic more accurately, by doppler ranging. In the
missile, because it is unguided during the doppler ranging system, a radio or radar signal
terminal phase of its flight, is no more sus- is transmitted from the launching point. This
ceptible to electronic countermeasures than signal is received and re-transmitted by the
is a gun projectile or a rock.

The ICBMs are, as the name tells you,

ballistic missiles. Tliese include Atlas, Minuteman, Thor, and Polaris.

missile. By comparing the frequency of the
original signal with that of the signal returned
by the missile, it is possible to determine the
missile speed with great accuracy.
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There are a number of combinations of mis-

sile course, position, and speed that would
result in a ballistic trajectory ending at the

target. But because the missile is Constantly
changing position at high velocity, no human
computation can keep up with the problem. The
known factors (position of the target and launching site, and preset heading of the missile) and

of Newton's second law of motion. This law,
which relates acceleration, force, and mass,

states that the acceleration of a body is directly proportional to the force applied, and

inversely proportional to the mass of the body.
These devices, accelerometers, were described
and illustrated in chapter 6.

The three accelerometers (fig. 6-9) are

the measured factors (velocity of the missile,
and its position relative to the launching site)
are fed into an electronic computer, which produces a continuous solution for the instantaneous values of the problem. When the com-

usually set up with the sensitive axis of one of
them vertical and the other two in the horizontal plane, one along the flight path and the

methods used in the present mods of Polaris
may be found in Navy Missile Systems,

From the known position on the chart, the nav-

other at right angles to it. The output of the
one along the flight path is the distance
puter determines that the missile's course, traveled in range. If the
output of the one at
position, and velocity will result in the proper right angles to the flight path
is maintained at
ballistic trajectory, the missile propulsion zero, then the missile is on the
desired path
system is instantly and automatically shut in azimuth. The vertical accelerometer keeps
down. The last stage of the missile then folmissile at the desired altitude (some mislows a ballistic trajectory, without further the
siles use a barometric altimeter).
propulsion or guidance.
With an inertial guidance system
This system can be used effectively with sile is able to navigate, from launchinga mismissiles propelled by liquid fuel rockets, to target, by means of a highly-refined point
form
since the propulsion system can be shut down of dead reckoning. Dead reckoning is simply
simply by stopping the fuel supply. If, like a Priiciiis of estimating your position from inPolaris, the missile is propelled by a solid formation on: (a) previously known position;
fuel rocket, the system cannot be used with- (b) course; (c) speed; and (d) time traveled.
out modification. Successful tests of propel- For example, assume that a ship's navigator
lant cutoff and restarting have been reported determines his ship's position by astronomical
for solid .propellant rockets. Application of this observations with a sextant. The ship's posiMethod can make major changes in present tion, and the time, are marked on the chart.
management of propellant systems during mis- Assume that the ;hip then travels for three
sile flight. A description of the guidance hours on course 024, at a rate of 20 knots.
NavPers 10785-A.

NAVIGATIONAL GUIDANCE SYSTEMS

In addition to the preset guidance systems
discussed above, other guidance systems which
do not depend on electromagnetic contact with
manmade sources are terrestrial, celestial,
and inertial guidance methods. They were
introduced in chapter 6 with brief descriptions
of their principles.
INERTIAL GUIDANCE

Inertial guidance is defined as a gUidance
sygitem designed to project a missile over a
predetermined path, wherein the path of the
missile is adjusted after launching by devices

7,--- "*holly within the missile and independent

of

outside information. These devices make use
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igator can draw a line 24° east of north, representing the ship's course. By measuring off
on this line a distance representing 60 nautical
miles (20 knots times 3 hours), the navigator
can estimate the ship's new position by dead

reckoning. If the ship changes course, the
navigator will mark on the chart the point at
which the change occurred, and draw a line
from that point representing the new course.
A missile with inertial guidance navigates
in a similar way, but with certain differences.
It determines the distance it has traveled by
multiplying speed by time. But it can not
measure its speed directly if it is traveling at
supersonic velocity outside the earth's atmosphere. However, it can use an accelerometer
to measure its acceleration, and determine its
speed by multiplying acceleration by time.
To summarize:

velocity = acceleration x time
distance = velocity x time

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

potentiometer output is a positive voltage; if
the weight moves forward from the neutral
point, the potentiometer output is a negative

The acceleration, of course, is not constant.
It may vary because of uneven burning of the
propellant. It will tend to increase as the missile rises into thinner air. Positive (forward)
acceleration will become zero at burnout. If

voltage.

For an integrator, we can use a

simple capacitor.

During positive accelera-

the missile is still rising at that time, it will tion, the capacitor will gradually take on a
have a negative acceleration because of giavity; positive charge from the potentiometer. If the
if it is still in the atmosphere, it will have a acceleration then becomes zero, the charge
negative acceleration because of air resistance. on the capacitor will stop increasing, and will

Acceleration will cause a constantly changing remain constant (indicating a constant speed).
speed, and changing acceleration will change If the acceleration becomes negative, the charge
the rate at which the speed changes. If the on the capacitor will begin to drain off (indicamissile is to determine accurately the distance ting a decreasing speed). Thus the charge
first

it has traveled under these conditions, its on the capacitor is the output of the

computer circuits must perform a double inte- integrator.
If the first integrator output voltage is apgration. Integration is, in effect, the process
plied
to the grid of a vacuum tube, it can be
of adding up all the instantaneous values of a
changing quantity. The integrators are computer used to determine the rate at which current
flows through the tube and into a second caelements.
Both the accelerometers and the integrating pacitor. The rate of current flow at any instant

is proportional to the first integrator output,

circuits are fairly complex. But we can de-

and therefore to missile velocity at that instant.
Thus the charge on the second capacitor is the
output of the second integrator, and represents
the total distance traveled up to any given instant.
Figure 10-5 is a block diagram of a simple
inertial guidance system. This system has two
channelawcuie for lateral and one for longitudinal acceleration. It uses both the direction

scribe a simple, hypothetical system that will
be correct in basic principles. Assume that the
accelerometer (fig. 10-4) is a weight that can
slide back and forth along the axis of the misThe weight is mounted between two
sile.

springs, which hold it in a neutral position
when there is no acceleration. If there is a
positive acceleration (tending to make the

missile go faster), the weight will lag aft

channel and distance channel to determine
missile position. Each channel contains an

against the spring tension. If the acceleration
stops, the weight will return to neutral position.

If there is a negative acceleration accelerometer and a circuit for double integra-

tion. The accelerometeirs detect missile velocity changes without the use of any reference
outside the missile. The acceleration signals
are fed to a computer which continuously produces an indication of both lateral and forward

(tending to slow the missile down), the weight

will move forward from its neutral position.

Now assume that the weight is connected to
a potentiometer, in such a way that the potentiometer output is zero when the weight is at
the neutral point. If the weight lags aft, the

distance traveled by the missile. This is ac-

complished, in each channel, by integrating the
missile acceleration signal to obtain a missile
velocity signal. When this velocity signal is

integrated, the result indicates the total dis-

tance that the missile has traveled.

This
method of double integration is built into each

SCALE
NOICATOR

SPRING

channel.

The actual electronic circuits used for integration are rather complex, but here again
the basic principle is simple. In one type of

WEIGHT

ACCELERATION

integrator the input consists of a series of
.. integrator

VEHICLE

144.46

Figure 10-4.Elementary accelerometer,

evenly spaced electrical pulses representing
of time. The amplitude of each
pulse is controlled by the accelerometer, so
as to represent the instantaneous value of acceleration. Thus the quantity of electricity in

spring-mounted.

26.2
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Figure 10-5.Simple inertial guidance system.
each pulse represents an increment of speed. If the missile drifts off course, the output voltage
The pulses are passed through a rectifier (so of the second integrator will
by its amplithat no current can flow in the opposite direc- tude and polarity, the distanceshow,
and
direction
the
tion) and stored in a capacitor. The capacitor missile is off course. The output
of
the
first
will, in effect, add up all of the input pulses. integrator in the direction channel is the direcThus the voltage across the capacitor will, at tion rate signal. Both of the integrator
any given instant, provide an indication of are used by the autopilot to determine thevoltages
amount
missile speed at that instant.
direction of control required to bring the
An acceleration may, of course, be applied and
back on course.
to the missile in any direction. Thus, if the missile
The
measures any force apmissile is to determine its own position at plied toaccelerometer
the
missile.
The
force of gravity is
any given blatant, two accelerometer channels applied to the missile throughout
and
are necessary. For any given acceleration, some types of accelerometers willitsbeflight,
affected
one of these measures the component of force by it. In order to prevent a false
output, the
along the fore-and-aft missile axis; the other effect of gravity must be neutralized,
so that
measures the component across that axis.
only the true acceleration of the missile will
The distance and direction channels are
measured. This can be done in either of two
identical in operation. The output voltage of be
ways.
part of the second integrator output
the first integrator indicates the missile ve- can be A
fed
back to the input of the first integralocity. The output voltage of the second in- tor, as in figure
10-5. Another system comtegrator is proportional to the distance the pensates for the effect of gravity by
applying a
missile has traveled.
fixed voltage bias to the output of the first
integrator.
Direction Channel

If the missile is on course, the output of

the direction channel will be zero at all times.

..007

Distance Channel.
The operation of the distance channel is much
like that of the direction channel. The output
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magnitude of the first integrator indicates mis- using a specified velocity signal. The specisile longitudinal velocity. The second integrator fied velocity signal is combined with the first
output voltage is proportional to the distance integrator output so that any voltage above or
the missile has traveled. If the system does not below the specified voltage is fed to the second
start operating until after the launching phase integrator as an error signal. The output of
is completed, the missile velocity at that time the second integrator is then proportional to
must be accounted for in the distance computa- the missile error from the desired position on
tion. A separate signal, representing initial the course.
velocity, must be fed to the input of the second
A third channel for measuring missile altiintegrator. It can then be combined with the tude is usually included in the system. The
output of the first integrator to indicate missile principles of integrat ion of the vertical accelerovelocity at any given instant.
meter output are essentially the same as for
A comparison must be made between the distance and direction.
distance the missile has traveled and the known
(In deriving missile velocity and distance,
distance between the launch point and the target. the integrators are electronically solving two
To do this, a voltage representing the distance basic formulas which relate acceleration, veto be traveled is set up as an initial condition locity, distance, and time.) For example, if a

just before missile launching. This preset
voltage is combined, with opposite polarity,

with the output of the second integrator. Thus
the output of the distance channel decreases
as the flight progresses. When the output falls
to zero, the target has been reached.

There is one drawback to this systemthe
fact that for flights of several thousand miles,
very large integrator output voltages would be
required to get an accurate indication of distance traveled. The preset voltage that represents the target range would be equally largo.

In order to keep these voltages within reasonable
limits, the voltage representing distance covered

missile is traveling at a velocity of 50 yards
per second and experiences an acceleration of
8 yards per second per second for 5 seconds,

its new velocity can be determined by the
formula v = v + at, where vo is the initial
velocity, v is the final velocity, a is acceleration, and t is time. By substitution:
8yd

-71
v = 50sec

sec

The average velocity of the missile during the

5-second period of acceleration is equal to

is continuously programmed during the flight
by a suitable device such as a tape recorder.
The programmed distance is compared to the
measured distance, as represented by the computer output, in such a way thatboth are carried
as reasonably small quantities.
Figure 10-6 shows another method of keeping signal voltages within reasonable limits by

x 5 sec = 90 yd/sec

vo

v
2

or
90 yd/sec + 50 yd/sec
2

- 70 yd/sec

DISTANCE AHEAD OR
MOND DESIRED POSITION

144.48

Figure 10-6.Computer using specified velocity.
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Tije distance traveled during this 5-second earth, it was decided to relate two of the acperiod is equal to
celerometer axes to these north-south and east-

west lines. The thirdaccelerometer is logically
oriented to the center of the earth. These relationships are shown in figure 10-7. (Shipboard
xt
2
systems need only two accelerometers since
altitude is of no consequence.) To stabilize the
or
accelerometers so that they will maintain these
relationships throughout a long flight over a
round and moving earth at first posed a difficult
90 yd/sec + 50 yd /sec
problem. It was overcome by mounting the acx
5
sec
=350
yds).
2
celerometers on a GYRO-STABILIZED platform. Since gyros are inherently space refAn inertial guidance system, such as the erences (rigidity of plane), they mustbe
adapted
one just described, would be all that was needed to maintain the platform in the desired earth
if the missile flew straight and level at all
times. But outside factors, as well as some relationships in this type of system. In other
words, if three gyroscopes can be maintained
errors introduced by the equipment itself, pre- in east-west, north-south, and the vertical atvent straight level flights. Therefore a means titudes, the platform (and the accelerometers)
for stabilization must be provided.
can be kept in the same earth relationships
For an inertially guided missile to constantly throughout the flight or cruise. With the platform
determine its position while in flight, all linear stable, all movements of the accelerometers will
accelerations of the missile must be measured. indicate ship (or missile) movement with respect
To do this, three accelerometers are mounted to the center of the earth.
in the missile as shown in figure 6-9. Any
Assuming that we have stabilized the platmovement of the accelerometers with relation to
the missile will be proportional to the outside form, let us now see how a missile can determine
forces acting on the missile, and therefore to its position and control its trajectory.
the accelerometers of the missile. Since these
For the missile to keep track of its posiaccelerometers are mounted on three mutually tion, it must continuously determine its acperpendicular axes, any accelerations of the celerations and velocity along the three stamissile along axis AB will be measured by bilized accelerometer axes. Since acceleramovement of the lateral accelerometer. Any tion is defined as the rate of change of velocity,
accelerations along axis CD will be measured the process of INTEGRATION will yield
by the longitudinally mounted accelerometer. sile velocity. Integration is, in effect,misthe
Any accelerations along axis XY will be meas- process of adding up all of the INSTANTANEOUS
ured by the vertically mounted accelerometer. values of a changing quantity.
If the missile is to determine its position
at any point along its flight path, the accelerometers must be mounted in mutually perpenN
dicular axes which continuously maintain their
same relationships with some fixed reference
V

+ vo

point.

In some missiles and in shipboard inertial

systems, the center of the earth is taken as

the fixed reference point. When the center of
the earth is used as the reference, alivehicular
motion is determined on the basis of accelerometer outputs with reference to that point.
In this type of inertial system itbecomesnecessary to stabilize the accelerometer ikeb so that
they always maintain their same relationship
with the earth's center. Since the lines of latitude and longitude on the earth's surface bear
a- permanent relationship to the center of the

w

12.150

Figure 10-7.Orientation of accelerometers
with reference to the earth.
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controlled platform. The gyros are arranged
to detect errors in the pitch, roll and yaw axes
Thus far we have considered the inertial of the missile. Thus the output of the gyros
system from the standpoint of determining and will indicate any departure from stable flight.
correcting missile position in a coordinate The error signal voltage is amplified and fed
system which is stabilized in reference to the to a servomechanism that corrects the platform
earth. As mentioned earlier, this coordinate position.
The accelerometer platform canbe stabilized
system is maintained by mounting the three
by
mounting
the platform in a gimbal system
accelerometers on three mutually perpendicular
provided
with
gyroscopes (fig.10-88, insert).
platform.
Any
axes on the gyro-stabilized
Chapter
5
in
this text explained how the
OF
linear deviations along the missile AXES
TRANSLATION will be detected by accelero- gyro may drift because of bearing friction.
meter movement and corrected on the basis Accuracy requires that compensation for gyro
of the accelerometer outputs. In addition to drift be provided. The compensation is obtaincorrecting for deviations in position, we must ed by adding an integrating loop to the system

Attitude Control

also keep the missile at its proper attitude along

the trajectory. By mounting pickoffs on the
missile frame, any deviation in roll, pitch,
or yaw will be detected with reference to the
stable platform. The resulting attitude signals

are related to the missilepositional information
generated by the accelerometers. We can
therefore say that the correction signals generated by the computer network of the missile
are composed of corrections along the axes of
translation as detected by the accelerometers,
and corrections about the axes of rotation as
determined by .missile angular movement with
relation to the stabilized platforin. These correction signals will then be applied to the con=

troller in such a way as to keep the missile
on its proper trajectory AND in the proper
attitude throughout the flight.

as shown in figure 10-9.
Two loops are shown, one representing fast

control and the other representing slow inte-

gration. Both loops use the gyro error voltage
as a control signal. The fast loop functions

rapidly to correct platform deviations from a
level condition. The slow loop sums up the
gyro drift error signals during the complete
flight, because it cannot respond to rapid variations. During a normal flight, the random
drift from a straight, level condition may be

first to one side and then to the other. As a

result, the sum of random drift over the entire
flight will usually produce only a small total
error.
Pitch Correction for Earth's Curvature.
The provision for keeping the platform level
and preventing drift introduces a new problem.

A normal missile trajectory is an elliptical
path above the earth's surface. The gyro's
Up to this point we have assumed that the characteristic of being fixed in space would
platform has been stabilized with reference to mean that the gyro stabilized platform could
the earth. For a shipboard inertial system, be tangent to the earth's surface at only one
the exact position of the ship must be known place (fig. 10-10A), at the time of launch.
at the time of missile launch. It is therefore Unless it is corrected, the missile might connecessary to keep the Shipboard Inertial Navi- clude that the line DE (fig. 10-10A) is tangent
gation System (SINS) stabilized with reference to the earth's surface. In order to keep the
to the -center of the earth at all times. This platform tangent to the earth as the missile
is done by torquing the platform in accordance travels along its trajectory, the forward edge
with the ship's movements over the earth. of the platform must be depressed at a rate
Chapter 5 presented the effects of apparent gyro- proportional to the velocity of the missile
scopic precession attheEquator. The character around the earth. This keeps the platform
of the apparent, precession exhibited by a gyro- level about the pitch axis with respect to the

Stabilizing the Platform

scope as the earth turns depends on the gyroscope's location on the earth's surface AND the

angle that its spin axis makes with the spin
axis of the earth.
Figure 10-8A shows how accelerometers may

be stabilized by mounting them on a gyro-

surface of the earth, as shown in figure10-10B.
Normally, gravity is used as a reference for
slaving the gyro. But this is not done in an inertial guidance system. Instead, the platform is

maintained in a level position by dividing,

in the computer, the measured missile velocity

.4.
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YAW GYRO

PITCH GYRO

ACCELEROMETERS

FLIGHT

PLATFORM
ROLL GYRO

A

144.49

Figure 10-8.A. Basic gyro-stabilized system; B. Stabilization of accelerometer platform.
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Figure 10-9.Gyio-drift compensation.

by the distance between the missile and the
center of the earth. The result of this division
is a function of the angular velocity of the missile. The geometric relationship of the velocity
factor is shown in figure 10-11. A study .of the
diagram will show that if the pitch angle of the
platform is changsd at the same angular velocity,

144.51

This precession is brought about by equipment
in the computer section of the missile control
system.

In operation, the output of the first integrator, which is proportional to the missile velocity, is divided by the distance (R in fig. 10-11)

the platform .will remain tangent to the earth to the center of the earth in order to give the
as the pitch axis changes. The platform angle Missile angular velocity ANY in fig. 10-11) in
can be changed by precession of the pitch gyro. radians. The result is fed through the gyro

..241

7

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

GYRO PRECESSION

NO PRECESSION

PRECESSION

01
EARTH

EARTH

ONE POINT OF TANGENCY

TABLE TANGENT AT ALL POINTS

A

.

1

144.52

Figure 10-10.Pitch gyro precession for tangency with the earth: A. Gyro not depressedno
precession; B. Gyro depressed at rate proportional to missile speed around the earth.

R = DISTANCE TO EARTH'S CENTER
Re = RADIUS OF EARTH

h = ALTITUDE OF MISSILE
(DISTANCE IN
NAUTICAL MILES)

v = LINEAR (OR TANGENTIAL)
VELOCITY IN KNOTS
w = ANGULAR VELOCITY
IN RADIANS

vt=V/R
0= ANGLE CREATED IN TRAVELING FROM x to x'

144.53

Figure 10-11.Applying angular velocity to platform leveling.

torquer to precess the gyro at an identical other sections of a complete control system can
angular rate.
It would be possible to make similar corrections for roll axis motion. The error. in
tangency would be small, however, because the
missile moves such a small distance to either
side of the desired course in comparison to the
total length of the flight. Therefore, a simpler
process is used to correct for roll. Instead of
leveling a Platforin, a prOportionallialvoltage
is applied to the accelerometer to correct its

take many different forms. Individual devices
may be mechanical, electromechanical, elletronic, or a combination of these types.
TERMINAL INERTIAL SYSTEMS

Short-range missiles that are transported to

the vicinity. of the target, such as air-to-air

Missiles and antitank missiles, do not need more
than one type of guidance system. Longer range
missiles may combine the midcourse phase and
output sigSal.
Previout chapters of this text have shown the terminal phase of guidanCe. Main missiles
that accelerometers, gyros, computers, and intended for long-range use that the midcourse
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and. terminal phases of guidance are distinct
and more than one method of guidance may be
used. As the range of the missile system increases, the missile-to-target miss distance
tends to increase for both beam-rider and command techniques. If the miss distance becomes excessive, a more accurate ,terminal
guidance phase may be necessary. In a number
of air-to-air and surface-to-air missiles, homing guidance is used in the terminal phase.
Falcon and Sparrow are two examples. It is
in the long range surface-to-surface missiles
that combined systems are most useful. The
function of any terminal guidance system is to
place the missile directly on the target, rather
than just in the general vicinity of the target.
Thus, an accurate terminal guidance system
can compensate for minor inadequacies in the

inoperative, and the terminal guidance system
takes .over. There are two specific terminal
inertial guidance systems. They are known
as the constant-dive-angle system and the zerolift system.
Constant-Dive Angle

A block diagram for a constant-dive-angle
system is shown in figure 10-12. This equipment is able to compute the missile's position,
during the dive to the target, with respect to the
release point.

The output signals from the accelerometers
are changed to velocity signals by the integra-

tor.

midcourse guidance system.

into signals representing position.

In this section, we will discuss a terminal
inertial guidance system. This system uses a
stabilized platform as a reference plane to carry
the accelerometer sensors for a constant-diveThe terminal guidance phase starts at a point

puter to the pitch servo. If there is an error
signal, it is fed to the pitch servo, which then

in space known as the release point. This is
where the midcourse guidance system is made

LATERAL

LONGITUDINAL
ACCELEROMETER.

corrects the dive angle.

DIRECTION

ACCELERATOR

For a

constant-dive-angle approach, the distance
channel does not need position-error information. It therefore has only one integrator.
The velocity signal is sent to the pitch servo
system. If the velocity signal has the correct
value, there will be no output from the com-

angle system.

STABILIZED
PLATFORM

In the direction channel, signals then

undergo a second integration to convert them

COMPUTER

YAW

TO YAW

SERVO
SYSTEM

CONTROL SURFACE

TERMINAL EQUIPMENT

PITCH

DISTANCE

SERVO

COMPUTER

SYSTEM

TO PITCH
CONTROL SURFACE

MNI
MISSILE
VERTICAL

'PITCH CHANNEL
OF MISSILE
AUTO PILOT

GYRO

MISSILE
AUTOPILOT EQUIPMENT

Figure 10-12.Constarit-diie-angle system for missiles.
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Vertical-Dive System
The vertical-dive system is a variation of the
constant-dive-angle system. The principal difference between the two is the location of the
,

A

release point with respect to the target position. The constant-dive-angle system has

LONGITUDINAL AXIS

the dive starting at a considerable lateral distance from the target. The system then sets up
a constant-dive-angle which is maintained all
the way to the target. The vertical-dive system release point is almost directly over the

(WHICH PULLS THE
MISSILE OFF THE VERTI-

CAL FLIGHT PATH )

target, so that the missile can dive straight
down.

The nose-over maneuver is accomplished
by processing the vertical gyro of the missile
autopilot about its pitch axis. While there are
a number of factors that determine the amount
and rate of precession of the vertical gyro, the
dive angle path to be followed is the primary
factor in determining the number of degrees
of vertical precession. The angle of incidence
of the wings is another factor. This angle of
incidence introduces a dive trajectory problem as shown in figure 10 -13. L'aoldng at

A
ANGLE OF _j
INCIDENCE

L.

figure 10-13A, we see that if the missile longi-

tudinal. axis were absolutely vertical, there
would be some lift from the wings, which would

pull the missile out of its vertical dive. In

LONGITUDINAL AXIS

order to compensate for the lift of the wings,
the controls are set for a slight over-control,
so that the lift from the wings will keep the

OF THE MISSILE

missile in a vertical dive (fig 10-13B).

When the pushover arc is completed, the
missile is at the dive point. The autopilot is

then cut off from the yaw and pitch servos, and
has no further effect on the missile flight con-

B

trol surfaces.

Zero-Lift Inertial System

ANGLE OF
INCIDENCE

The block diagram in figure 10-14 shows
the zero-lift, inertial system and the relation
between it and the missile autopilot. This
equipment has two functions. The first is to

establish the flight path, which is programmed

on tape.

The programmed pulses drive a
constant-speed motor, whoie rotor drives the
moving arm of a potentiometer. The second

function is to keep the missile sjhe programmed path through the action of the ac-

FLIGHT MTH

ANGLE OF ZERO LIFT

144.55

Figure 10-13.Missile dive attitude: A. Missile
diverted from vertical path by lift of aerodynamic surfaces; B. Over-control of missile is
offset by lift to keep missile on vertical flight
path.

.

celerometer.
To accomplish the first function, the mov-

to the other end at a constant rate of speed.
Then, if the voltage between the moving arm

ing contact of the potentiometer must be moved
from the ground end of the 'resistance strip

the result will be a straight line. When this

.

and ground is plotted against time on a graph,
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MISSILE AUTOPILOT EQUIPMENT

VERTICAL
GYRO

PITCH

PITCH CHANNEL
OF MISSILE AUTOPILOT

SERVO
SYSTEM

TO PITCH
CONTROL
SURFACES

TORQUER
MOTOR

TERMINAL EQUIPMENT

POWER

AMP

ACCELEROMETER

MISSILE
DYNAMICS

CONSTANT
SPEED MOTOR

REFERENCE

RELEASE
SIGNAL
FROM MIDCOURSE

GUIDANCE
EQUIPMENT

VOLTAGE

Figure 10 -14. Zero -lift inertial system.
straight
-line voltage is fed into a motor, the
straight-line
rermitAnt displacement of the motor's rotor is an
iesgrAiion of the input voltage. Because the
intogral of a constant-slope line is a parabolic

curve, the missile path from the release point
to the target will be as shown in figure 10-15.
This is a zero-lift trajectory, in which the control system acts to maintain a condition of no
aerodynamic lift on the missile.
With a parabolic path as a reference for the
pitch axis, the missile will try to follow that

patch. However, because of the wing angle and

the ehgine thrust, the missile will actually fly
a different path Idess some compensation for
these factors is made.
Compensation is provided by an accelerom

eter that is mounted so as to be sensitive to
accelerations along the vertical sixia/Aof the
missile. Therefore, if the wings exert a lifting force, the accelerometer senses the lift
and originates a signal that corrects the vertical gyro precession.. If the wings are ex-

24141
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erting some lift due to a programmed signal,

the signal from the accelerometer adds to
the programmed signal in the mixer stage
and causes the gyro to precess at a faster rate.
If the missile noses over too far, there will be

negative lift and the accelerometer sends a
signal that subtracts from the programmed
signal in the mixer, and slows up the precession rate of the gyro. Thus the missile flies
the course shown in figure 10-15.
The actions just described provide the basis

for the name of the system. The name zerolift is used because the signal from the accelerometer compensates for any lift in the
vertical axis of the missile.
CELESTIAL-INERTIAL SYSTEM

Celestial navigation has been used for many
years. The navigator uses a sextant to measure the angular elevation of two or more lmown

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

The sextant is moved on two axes by motors.

These motors are connected to the sextant-

RELEASE

positioning system.
Figure 10-17 shows a sextant positioning system in block form. Note.that the elevation servo
generator and the azimuth servo generator both
receive signals.from the tape reader. The gen-

erators are connected to servo motors. The

shafts of these motors are mechanically connected to the sextant positioning gears, so that
the sextant position is actually controlled by the
information on the tape.

The desired flight path of the missile is

144.57

Figure 10-15.Flight path of zero-lift
inertial missile.

stars or planets. From these measurements,

a ship's position can be plotted.
The celestial-inertial navigation system uses
a simplified approach to the problem. it uses

an inertial system that is supervised
' by a

series of fixes. One of these systems is known as
Stellar Supervised Inertial Autonavigator (SSIA)

programmed on a tape (fig. 10-17). The tape is
pulled through a tape reader at a constant speed
by the drive motor. The signals onthe tape contain elevation and azimuth commands which are
automatically fed to the sextant drive motors via
servos. The tape is prepared prior to launching
the missile and contains all the necessary position and rate data for the entire flight. To get
accurate position checks, the sextant azimuth
and elevation information must be read from the
tape at the proper time. This is of paramount
importance .since a. given star is at a particular
angle with respect to a certain spot on earth only
at a particular instant.

another is called:
The position of the sextant is checked by
Automatic Celestial Navigation (ACN).
a section called the STELLAR ERROR DEThe Snark missile used the SSIA system. The TECTION CIRCUIT, which determines whether
gyro that controls the position of the accelerom- or not the star is centered in the telescope
eters is subject to random drift, and the result is field. If the star is not centered in the field,
an error that tends to increase with time. The
error signal is generated and processed to
error may be as much as half a mile for a an
show
the amount of sextant error. The error
flight that lasts 45 minutes. For longer flights, detection
circuit is shown in block form in
the error would naturally increase. Random figure 10-18.
gyro drift varies inboth direction and magnitude.
One method that may be used to overcome

the random drift error involves the use of
star eights.

The checking is done in much the
same manlier as a human navigator would check

his position by observing an object, such as a
star, having a known position. The missile does
not carry a human navigator; it must use a mechanical substitute.

ELESCOPE

Stellar Supervised Inertial Autonavigator

In the stellar supervised autonavigator,
periodic sights are taken on known planets or.;
stars to check on gyro drift.
TO make the check, an automatic sextant is
mounted on a platform in the missile so that
it can be turned on elevation and azimuth sites.
An automatic sextant is shown in figure 10-18.

Ae46

ELEVATION MOTOR

AZIMUTH MOTOR

Figure 10-18.Automatic sextant.
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ITIMING
CIRCUIT

(DRIVE
(DRIVE

0
ELEVATION
MOTOR

TO SEXTANT
COMMANDS

RECORDED TAPE
AZIMUTH MOTOR

AZIMUTH
COMMANDS

Figure 10-17.Sextant-positioning system.
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The sextant is trained on a given star by were raised and pointed directly forward along
information taken from the tape, and then the missile heading, any elevation error signal
continues to follow the star on the basis of the from the sextant would be assumed to be an
programmed tape. The output of the automatic error about the pitch axis. If the sextant were
sextant is fed into an error-detecting system pointed out the side, in a lateral direction, any
(fig. 10-18).

elevation error would be a function of missile

The scanner is used to detect errors in roll. Therefore a resolver is necessary to decentering the star in the optical field of the termine whether the error signal is caused by
sextant. The scanning system includes a light- pitch, roll, or by a combination of the two.)
chopper, or interrupter, and a phototube. The
output voltages of the error-detection system
are proportional to the missile deviations in

roll, pitch, and yaw. The light from a star,

An ideal way to use a star-sighting system
is first to check a star whose line of position
is parallel to the missile course, and then to

check another whose line of position is at right
angles to the missile course. The, information
from the first star would then be applied to the
given rate, falls on the light-sensitive cathode computer direction channel, and that from the
of the photo
The cell output voltage is pro- second would go to the distance channel. These
portional' to the light intensity. The output is then signals would then correct the gyros to a new
fed to a selective amplifier that seleCtis the signal position, and compensate for any gyro drift that
from.the noise: The amplifier output is then fed might have occurred. With the gyros corrected,
through' a detector section to a reedver, which errors in roll, pitch, and yaw can thenbe measbreaks down the signal into azimuth and elevation ured and used to position the control surfaces.
error signal&
Remember that the missile equipped with this
The direction resolver has bit), outputs. One system is also inertially guided. The outputs of
goes directly to the yaw -conilitirator the other the celestial system correct any errors made
goes tn't second. resolver sieCtiOn. The second by the inertial equipment. It is not possible to
resolVer is ootatr011ed 'frord the 'tape signals. Obtain proportional control with this systembeThe same 'signal that Seta :the sextant position cause of the delay in signals getting through the
sets the resolver for elevation, error output. circnitei and damping by the rate -function.
MINS the eleireliOn'aignat resolved in this However, the system does tend to return the
Manner, there is no' way to deter:nine whether missile to the correct course as soon as posthe error exists inpitttor roll. (If ,the .teictant sible without over-control Oscillations.
after passing through the scanner, which contains
a chopper which 'modulates the light beam at a

.
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Figure 10-18.--Stellar error-detection circuit.
AUTOMATIC CELESTIAL NAVIGATION

The most difficult problem to overcome in

the system just described is gyro bearing
friction. The problem may be solved by using
a continuously supervised system. The auto-

chance of error. It is possible that a standby
sextant might be added to the equipment, so
that it can zero in on the next star -in the
navigation sequence without interfering with
the fixes that are being made.

One disadvantage of the multiple sextant

continuously referenced by 'stellar fixes. This
does not mean that there is no longer a necessity for inertial supervision; the inertial prin-

system is the need for a window big enough to
view a large area of the celestial sphere. Such
a 'window would need optical characteristics
that would add greatly to its cost. In addition,

guidance commands.

damage by natural forces at high speeds.

matic celestial navigation (ACN) system is

ciple is still used by the autopilot between

The platform equipment for ACN requires
one or more automatic sextants lit addition to
those already mentioned. TWo sextants operate simultaneously to obtain .a series of fixes,
rather than a line, of position. With MOB on

two stars at the same . time, there . is less

the larger window area is more subject to
LIGHT DISPERSION BY SHOCK WAVES.

As light passes through any light-conductive

material, a certain amount of refraction or

bending, takes, place. The higher the density

of the material, the greater is the degree of
Rays of light are refracted when

bending.
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they pass obliquely through the shock waves

The integrator section is designed to
that are generated by any missile traveling spond slowly to an input signal. It may takere(in air) at or above the speed of sound. This long as 10 minutes for the integrator signal as
to
effect may be severe enough to limit the use build up enough to cancel a steady amplifier
of celestial navigation to missiles operating input signal. Therefore, all voltages that vary
at less than sonic speeds, or those operating at a faster rate will go through the circuit beout of the atmosphere. Figure 10-19 shows fore the feedback becomes effective.

the effect of shock waves on optical systems.
NOISE FILTERS.In a practical application, noise exists in the output of the velocitymeasuring component. The noise is in the
form- of short bursts, or peaks, of energy. It
may be effectively removed by choosing component values to give the proper time constant
(delay) in the circuit. But a filter of this type
is not suitable for use in removing noise of a
continuous nature. If some steady error, due
to noise, is present in the signal that indicates
velocity, the entire computer output will be in
error. The elimination of errors caused by
noise requires a circuit that will block noise

error signals but pass other signals. A circuit with the desired characteristics is a high-

pass filter that uniformly passes a-c of the

higher frequencies, but blocks any signal of a
lower frequency.
High-pass filters using inductive and capacitive components are easy to construct; but

TERRESTRIAL REFERENCE NAVIGATION

The search for accurate, foolproof missile
guidance systems has turned up many possibilities. Some of those that seem the most
fantastic are based on sound reasoning. The

examples that follow fall into this category.
Several picture and mapmatching guidance

systems have been suggested and tried. As
mentioned in chapter 6, terrestrial reference
navigation relies on comparisons of photos or
maps carried in the missile with an image of
the terrain over which the missile is flying at
that time.
The basic idea can be shown by using the
common photograph as an example. If a photographic negative is placed over its coinciding
positive, the entire area will be black. If the

positive were in the form of a transparency,
the entire area would be opaque and no light

precision components are necessary to get would get through. If-either the negatifte or the
sharp frequency characteristics, and this fact positive is moved slightly with respect to the
increases the cost considerably. To avoid other, light would show through where the two
costly components, a d-c amplifier with inte- prints were not matched. If one transparency,
grator feedback is used as a high-pass filter. say the negative, were in the form of a strip

STAR

SHOCK

MY

WAVE

WINK*

TELESCOPE
HURTING

BELOW SONIC SPEEDS

AT SONIC SPEEDS

Figure 10.190Effect of high speeds on optical systems.
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to a servothat was pulled through a frame or window by The left-right information is fed
film
carriage
the
which
drives
a motor, it would be possible todevise a control amplifier
The
laterally
to
keep
the
images
matched.
system that would automatically match the
as an erimages. However, instead of a transparency position of the carriage is picked off
control
sysror
signal
voltage
for
the
missile
for the positive image, the projected image
to
tem.
As
the
missile
turns
on
its
yaw
axis
of the terrain from a lens of radarscope would
moved
the
correct
heading,
the
film
carriage
is
be used (6-14).
Daylight systems are ruled out because and the error cancels out.
Fore-aft information is fed to the longitudthey would be seriously affected by clouds, fog,
inal
servoloop that pulls the film through the
and smoke. The use of photographs of the acholder
at the correct speed to maintain a match
tual course or target area would not be suitable
between
the film image and the PPI tube image.
for the reasons outlined above, and because
This
means
that the film speed must beproporsuch a system would be susceptible to countertional
to
the
ground speed of the missile. It
measures. On the other hand, a radar mapmatching system has greater. effective range, is possible to key the film to cause course
changes or to start the terminal phase.
and is not limited by conditions of visibility.
Errors can result from a difference in altitude between reconnaissance (radar mappirig)
Radar Mapmatching
and tracking (actual missile flight) runs because
A guidance system that uses radar map- of slant range distortion and altitude-return
matching has, among other parts, a radar, delay.
It is necessary to have angular matching to
PPI, lens, scanning motor, map holder, and
,phototube. Figure 10-20A represents the com- within one degree before accurate left-right and
fore-aft information can be obtained. Angular
ponents of a mapmatching system.
A map of the terrain over which the missile is matching can be obtained by means of a magpassing must be previously prepared on a nega- netic auxiliary such as a compass. Matching is
tive transparent film. This fact calls attention maintained by the azimuth loop of the system.
Two types of film holders can be used. The
to a weak point in the map matching method.
landmarks can change or disappear, or new frame type is the larger, and more complicalandmarks can be added; and therefore the map of ted mechanically. It switches separate frames
into the scanning area and is easier to lock on
the area must be very recent.
a better method
In operation, the comparison is made by with the system. However,
in
figure 10-20, in
seems
to
be
the
one
shown
projecting the ;War image from the PPI tube,
through a negative radar map transparency of which, the film is scanned through a mask with
the same region, onto a photomultiplier tube. a semicircular opening.
If the film strip used in this system is pulled
(A photomultiplier tube is an electron tube so
through
the viewer at a speed corresponding to
constructed that it produces current amplificathe
missile
ground speed, its length willbe about
tion. A very weak light source can be greatly
1/20
of
that
required for a frame-type map.
amplified by a tube with multiple stages.) The
Errors
can
result from a difference in altilens (fig. 10-20B) through which the PPI image
mapping)
passes is rotated in much the same manner as a tude between reconnaissance (radar
flight)
runs beradar antenna is scanned. The mirror rotation and tracking (actual missile
and
altitudecause
of
slant
range
distortion
causes the PPI image to be moved in a small
return
delay.
circular pattern over the film. When the image
It is necessary to have angular matching to
from the. PPI tube exactly coincides with the
within
one degree before accurate left -right
through
to
the
map image, minimum light gets
and fore-aft information can be obtained.
photo-multiplier tube.
The reference maps may be obtained by
When the output of the photomultiplier tube
actual
radar mapmalcing flights over the teramplifier is properly commutated by the comrain
that
is to be traversed by the missile.
mutator section, left -right and fore-aft informa'These
flights
may be made at high altitudes in
tion is obtained.
almost
any
kind
of weather. Another method
The pulses from the commutator are apthe use of synthetic maps.
plied to d-c discriminators and integrators. involves
The synthetic maps are prepared by using
Then, as shown in figure 10-20A, the information is fed to two loops, lateral and longitudinal. maps of the area, aerial photos, and other
.
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ALTITUDE
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CIRCUIT

ALTITUDE
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INTEGRATOR
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LATERAL
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LATERAL LOOP
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MLR
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GATE
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of
TO AMPLIFIER

Figure 10-20.Radar mapmatching: A. Block diagram of system;
B. Film holder operation for strip map.
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information. A relief map is built up from this
maprnatching is limited by the capacinformation and then photographed. Maps pre- ity Radar
of the film magazine. Also it cannot be used
pared in this manner are only slightly inferior over water, or over land that lacks distinguishto actual maps.
ing features. The system is also subject to

R51
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electronic countermeasures, but it has some
immunity because of the highly directive antenna system.

Therefore, this system is best suited for
use as a part of a composite system that uses
nonradiating midcourse guidance. The mapmatching system would be used for a minimum time prior to the arrival of the missile
at the target. This method affords the greatest
element of surprise, and represents the best
method of evading countermeasures.

Magnetic References

The use of the earth's magnetic field as a
reference for missile guidance systems has been
discussed in another chapter. The sensor units

used in this system are refinements of the

simple magnetic compass, and are called the

flux gate compass and the gyrosyn compass.
Studies made during the International Geophysical Year, and the information obtained by
submarines cruising under the ice at the North
Pole, have given new insight into the nature of

magnetic reference systems will become more
practicable.
The present accuracy of magnetic systems

is within about 7 miles, but is limited to the
course line only. This means that a missile
using this system would need to be launched
near, or flown to, the vicinity of a line of mag-

netic intensity that crossed the target area.

Magnetic storms would prevent the use of the

system until the earth's magnetic field returned to normal.

Keep in mind that, as more knowledge is
obtained about the behavior of the magnetic
field, it may become possible to predict magnetic conditions in much the same manner as
weather is predicted today. There is, according to present knowledge, one major difference

in the two types of predictions. Weather predictions may prove inaccurate for a given area
because of purely local conditions. On the

other hand, the earth's entire magnetic field

is disturbed under magnetic storm conditions,
and there are no strictly local effects. Should

extremely accurate magnetic condition forecasts
become feasible, it is possible that the disturbed
the earth's magnetic field. These studies will conditions might be used to advantage in missile
continue. And, as more information is gained, guidknce.
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GUIDED MISSILE SHIPS AND SYSTEMS
INTRODUCTION

fire support to permit the advance of friendly

troops would be tactical in nature. The destruc-

tion of ball bearing factories deep in enemy
country, thereby affecting the enemy's war-

GENERAL

making potential, would be strategic.

This chapter describes the current guided
Tactical targets, as opposed to strategic
missile ships and systems of the Navy. It will ones, are fleeting in nature; they can be successorient the student to the missions, functions, fully attacked only by weapons that can reach
and general nature of the Navy's missile pro- them in minimum time and with a high degree of
gram.
accuracy. One should not consider, however,
that these definitions are hard-set. For example,
consider the destruction of an enemy airfield.
In one phase of a battle this may have strategic
of missile ships and systems which have been significance. But-the destruction of the same
omitted here because of security.
airfield in support of a landing operation would
have tactical significance.

The confidential text in this series will
describe in more detail those characteristics

MISSION OF MISSILE SHIPS

Before proceeding with descriptions of the
missions of missile ships, it is necessary that
the reader be familiar with certain definitions.
The MISSION of a ship is a broad statement
of its designed purpose in the Navy. In a more
restricted sense, the term mission can be applied to the component parts of a ship. Thus the
term is alio used in reference to missile systems.
Tasks of the mission specifically define what
the ship is expected to do at a given time. There
are two broad Categories into which missions
are sometimes divided--STPATEGIC and TACTICAL. A full discUssiOn of the, meaning and
Significance of these terms could extend the
length of this chapter. Quick insight can be
grasped however by remembering that tactics
is the art of battle, and that strategy la the art
of war. Therefore, a tactitsd MiatiOn is one 'Mkt
has a direct biflueilde on the cOUrerof battle in
progress. A strategic mission is farreachingit is one that may have no direct or
immediate influence. The Job of providing close
.

TYPES OF MISSILE SHIPS
GENERAL

Because of the rapid changes brought about
by many recent scientific breakthroughs, the
design of missile ships or missile systems is
still changing. But there are certain patterns
that can be considered fundamental. Atthetime
of writing this text, all but one of our missile

cruisers are conversions from older ships.

Conversion rather that construction is an economical approach to a guided missile Navy. In
many ways it ie a necessary approach, since
many problems ih ship construction for missile
needs must be worked out. In addition to the
conversions, however, there are now in com-

mission many new ships designed from the keel
up as guided missile ships, and many more are

in the building or planning stage. No guided
missile destroyers are conversions.

,GUIDED MISSILE CRUISERS

In general, the mission of missile cruisers
.1e to provide AA defense, to bombard enemy

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

shore installations, to carry a force commander,
to control aircraft, and to conduct combat operations against enemy surface craft.

Cruisers are being designed to include an

ASW capability. This will enable them to pro-

vide defense against enemy subsurface attack,
and thus permit a field of action much greater
than that of conventional cruisers. Figure 11-1

indicates a possible task force formation of the
future. Note that the force is spread out over
many miles of ocean.

There are five classes of guided missile
cruisers. First,. there are the CAG (Terrier)
conversions. Figure 11-2 is a picture of the
USS Canberra (CAG-2). This class of ships is
the result of conversion of World War II heavy
cruisers. From outward appearances, the con-

version consists of removing the after 8"/55
triple turret, three after 5"/38 twin mounts,

and the after conventional fire control directors,
and substituting two twin Terrier launchers and

two Terrier directors.
Figure 11-3 shows a second class of missile

cruisersthe CLG (Terrier) class. These ships
are conversions of World War II light cruisers.
The armam.nt of the CLG (Terrier) consists of
the following:

1-twin Terrier launcher
2-missile guidance systems

1 or 2-6"/47 triple turrets

I CVA (TERRIER)
TALOA , I TERRIER)
2 CO
7 CAA (TERRIER)

144.59

Figure 11-1.A possible disposition of a
missile-equipped task force.

1 or 3-5"/38 twin mounts
A CLG (Terrier), converted to include fleet
flag facilities, will have further modification of
its gun batteries.
Of the CLG (Terrier) conversions, the USS
Providence, Sprinjfield, and Topeka have be-

tZhe LOs 6,7, and 8, resFMly.

The third class of guided missile cruiser is
the CLG (Talos). For the.purpose of this book,

Chapter 11GUIDED MISSILE SHIPS AND SYSTEMS

Figure 11-3.USS Springfield (CLG-'n.
the only significant difference between the Terrier- and Ta los-equipped CLGs is in the capabilities of the missiles themselves. The CLG
(Taloa) is converted from the same class of light

cruiser, and the resulting armament is essentially the same as that described for the CLG
(Terrier). In the CLG (Talos) class, there are

the USS Galveston, Little Rock, and Oklahoma
CLGs 3,4, and 5, respectively.

33.263

GUIDED MISSILE DESTROYERS

Present planning provides for four classes of
destroyer types having a missile capability. The
mission of each of these types is to screen task
forces and convoys against enemy air, surface,

and submarine threats. They also provide air
control, give radar picket duty, make offensive
strikes, and carry DASH. The first of these is

l'he fourth class missile ship conversions
are the all-missile cruisers USS Albany, Chicago, and Columbus, CGs 10,11, and 12, respectively. These were formerly World War II
heavy cruisers. The conversion to guided
missile cruisers has been more complete with

the guided missile destroyer (DDG). The DDG is

gun

2-5"/54 gun mounts
1-twin or single Tartar launchei
. 1-Asroc launcher
2-Mk 32 triple torpedo tubes
The second DD family is the guided missile
frigate (DIG). The DLG is the big sister of the
DDG, with longer endurance and better seakeeping abilities. DLGs are equipped with the

this class, however, as all gun turrets,

mounts, and conventional fire control directors

have been removed. In their stead, Taloa
launchers have been installed fore and aft; a
Tartar launcher on each side, and Taloa directors and Tartar directors have been em-

placed. However, two single 5"/38 twin mounts
have been re-installed amidships. Figure 11-4
is an illustration of the USS Albany (CO-10).
To complete the picture, there is the nuclearpowered guided missile cruiser, which is the only
cruiser designed' since World War II from the

keel up.

Figure 11-5 shoWs the USS

Beach (CGN-9); Like 'the USS Albany class
is armed with both long and medium range

surface-to-air missiles, but it alga has the

similar to the conventional destroyer in displacement and other general characteristics.
Figure 11-8 shows USS Barney (DDG -6). The
following are typical armament installations on
a DDG:

Terrier missile system. Those of the Leahy

Class (fig. 11-7) carry a Terrier launcher both
forward aft, while those of the Farragut class

have but one Terrier launcher mounted aft.
In place of the forward launcher, a 5"/54 gun
mount is installed on these ships. In addition
to the above, all DLGS carry two twin 3"/50 RF

(rapid firing) gun mounts, Asroc, and ASW
latest ASW armament. Nuclear propulsion torpedoes. An important new addition to the
gives this class a far greater operating range DLG ranks is the nuclear-powered guided misthan ships with conventional propulsion.

sile frigate, USS Bainbridge (DLGN-25). The
251
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Figure 11- 4.. -USS Albany (CG-10).
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Figure 11-5.--USB Long Beach (CGN-9).

256 252

4

.

i

Chapter 11GUIDED MISSILE SHIPS AND SYSTEMS
IMO

Figure 11-6.USS Barney (DDG-6).

Figure 11-7.USS Leahy (DLG-16).
armament of the USS Bainbridge is the same as
that of the DLG-16 class (see fig. 111 -7, USS
Leahy (DLG-16)), but her operating range is
vastly greater.
The newest members 'of the guided missile
destroyer" faniily arethe DEGs, guided missile
destroyer escOrts. The DEGs are deiiigned to
locate and destroy enemy sUbmarines. They will
be fitted with a Tartar missile launcher, and will
also Carry a 5"/38 gun mount, Asroe,two Mk 32

257

3.76

134.84

triple to cpedo tubes; and two Mk 25 torpedo
tubes.
GUIDED MISSILE SUBMARINES

The primary mission of the guided missile
submarine is to deliver guided missile attacks
against enemy shore installations. Its tasks include the launching and control of missiles,
and

253.

self-defense by means of underwater
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launched weapons. The foremost of our guided
missile submarines are those designed to carry

Constellation (CVA-64) (fig. 11-8), are each
fitted with twin Terrier launchers. It is planned

the Polaris ballistic type missile. These long that other carriers to come, plus some already
ranging nuclear-powered ships with their for- in commission, will be fitted with missile sysmidable weapons are a powerful deterrent tems.
fa any consideration our enemies might have of
.1.721dng the "cold war" a "hot" one.
Subroc, an underA new type of

3mter to air-to-unaerwater missile, is being
ci,Nelopeci and is expected to be operational

SURFACE SHIP MISSILE SYSTEMS

GENERAL

proved kill capability.

This section will outline the fundamentals
of a surface-to-air missile system as it might
be found on a surface ship. Speeches lly, this
.section will take up the Tert,pr (RIM) system
as found on DLGs. The missile systems on

OTHER MISSILE SHIPS

surface ship ra?lsi.la system.

soon. Subroc is designed to be launched from

standard torpedo tubes using conventional ejection methods. Subroc, when fully operational,

will provide submarines with a radically im-

these ships may tte considered typical of a

The Navy intends to eventually replace, many

ORGANIZATION OF MISSILE SHIPS

of its r,onveetimal ardaircraft gunrstay sysTlie- organization of missile ships is comtems with Liicne systems. In the future,
amphibious craft, and service craft will take parable to that of other ships with similar
their piaci; in the missfla Navy. At the pres- missions. Most of the equipment and personnel
ea time, three CVAs, the UM Kitty Hawk associated with the missiles are ticdet the
(CVA-63), USS America (C7A-66), and the USg

cognt.,44.xe of the weapons officer.

4f 4i d'rt
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Figure 11-8..-IJ38 Constellation '(e1l.k41,4) launching Terrier
ty

.1258 254

a

Chapter 11GUIDED MISSILE SHIPS AND SYSTEMS

Figure 11-9 is the Weapons Department

weapons control system, and (4) the missile

organizational chart for the USS Farragut
(DLG-6). There are variations to suit the

stowage, loading, and launching system.

needs of each ship, but figure 11-9 illustrates

The Missile
As you will recall from the first part of this

the type of organization.

The men who are responsible for the operation and maintenance of the missile itself volume, the Terrier (RIM) is a medium-range
are under the missile officer. Weapons con- beam rider, or a homing missile, depending
trol equipment of the missile system is under on the mod, propelled by a solid-fuel sustainer
rocket, and launched with a solid-fuel booster.
the cognizance of the fire control officer.
It
is capable of carrying a fragmentation or a
The missile system also gets an assist
from Operations Department personnel, as Ra- nuclear warhead. It can be used against surdarmen perform certain plotting and liaison face, shore, or air targets.
functions in the weapons control system.

The Ship

TERRIER (RIM) MISSILE SYSTEM

The second major subsystem is the ship

itself, which provides the launching platform,
and transports the missile part way to the target. It also provides the basic services necessary for the maintenance and operation of the

The arrier missile system of a guided
missile ship consists of four major subsystems: (1) the missile, (2) the ship, (3) the

WEAPONS OFFICER

(LT/ LCDR)
TRAINING OFFICER
SECOND DIVISION
(WEAPONS CONTROL)
I

FIRST LIEUTENANT
(LTJG)
SFCP

LANDING PARTY
FIRST DIVISION
GUNNERY ASSISTANT

AA BATT. CONTROL

MISSILE OFFICER

(----/LTJO)

IENS/LTJG/
DIVISION J.O.

A/S OFFICER

(NG/LT)

FIRE CONTROL OFFICER

F DIVISION

F DIVISION

(---/LT)

A/S CONTROL

PLOTTING ROOM

DIVISION. J.O.

MAIN BATT. CONTROL

MISSILE CONTROL

SOC

IFOVSLE GROUP'
,1 BOS'N STORES
PAINT LOCKER

AGROUND TACKLE'

H DECK FORCE

HBOAT. CREWS

1

1

5" BATTERY

LAUNCHER GROUP' 1 SONAR EQUIP.

3" BATTERY

- 'MISSILE HANDLERS' 4UWT/FATHOMETERI

SMALL ARMS EQUIP.'
ASROC BATTERY

1

MISSILE TEST EQUIP

1 B/T FANFARE

1

GFCS

.rnS
I GMFCS

I

UFCS

NUCLEAR WEAPONS'
TORPEDO BATTERY

GUNNERY OFFICE 1

Figure 11-9. Organization chart, Weapons Department, USS Farragut class DLG.
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release point more than 10,000 yards from its
target. Consider, also, that this aircraft is
traveling 20,000 iards a minute, and that the

missile system. These basic services include
electric power, communications, testing facilities, compressed air and nitrogen, logistics
support, etc. The ship also provides early warning and other CIC functions required for target

total problem may consist of two, three, or
more aircraft. Finally, recall that in order

solutions for fire control problems.
The armament of a DIG varies, of course,
on one-ended (Farragut class) or the double-

projectile it will be necessary to do all of the
following BEFORE the target aircraft reaches

to destroy an aircraft with a missile or a

acquisitions, target tracking, and computer

its bomb-release point:
(1) Detect the target aircraft with radar
(2) Identify the target as "friend or foe"

ended (Leahy class) ships. Figure 11-10
illustrates the placemrt of components on a

(3) Designate to a selected director to acquire the target

DIG class 9 ship.

(4) Obtain a solution with director's as-

Weapons Control System

sociated computer

This is the third major subsystem. It en-

(5) Assign weapons to the tracking direc-

described in some detail in this and the suc-

(6) Fire
(7) Wait until the projectile or missile

tor on a priority basis, and position

compasses both the gun and missile fire control
equipment. The weapons control system willbe

these weapons in train and elevation

ceeding section.

reaches the point of impact with the target

Consider that an aircraft at 20,000 feet,
traveling at 600 knots, will reach its bomb-

COISAT INFOINIATION CENTER

MN OWN

V/34 CAL MOUNT

SOON

IPANICNUt

waimart ROOM

141113111 W4AZINE

NUM CONTROL STATION

141.38

Figure 11 10.DIG class 9 weapons system.
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The need for urgency, and the complexity of
the AA problem, were the reasons for development of the complex weapons control system
found on the missile ships. The missile ship
weapons control system was conceived to hold
to a minimum the time required for acquisition
of targets, and to permit simultaneous engagement of multiple targets.
The weapons control system can be divided
into fire control equipment and weapons direction equipment.

missiles, there is a need to solve for launcher

and in-flight guidance orders.
The WEAPONS DIRECTION EQUIPMENT
provides the displays and controls required
for the proper utilization of the ship's weapons. This utilization requires full evaluation

of targets, assignment of missile (or gun) directors to the proper targets, proper selection of missiles and loading of launchers, tac-

tical evaluation prior to firing, and, finally,
continued evaluation to ascertain that targets
are
effectively encountered and that target
The FIRE CONTROL equipment supplies the priorities remain as first evaluated.
Figure
basic intelligence and control functions for e- 11-11 is a sketch of a weapons control station,
lective engagement of targets by the ship's which contains most of the weapons direction
weapons.
Thus, with conventional gdnnery, equipment. Other missile ships use similar
there is a need to compute gun orders. With equipment, often
the same mark and mod.

UNATTENDED EQUIPMENT AREA
PULSE STIMIOL GENERATOR WPM

TAME! TRACKER
SIGNAL 0011 CONVERTER

GUIDED MISSILE STATUS INDICATOR
CONTROL INDICATOR

MASTER CONTROL PAIML

INDICATOR PANEL

TARGET SIZE 000

FCS SETUP INDICATOR

INOICATOR

III REQUESTS OIRECTOR
INDICATOR UAW
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Figure 11-11.Weapons control station.
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Missile Stowage, Loading, and Launching
Systems

Tracking, Evaluation, and
Director Assignment

In general, it can be said that the missile is
handled in the same way that conventional ammunition and weapons are handled. However,
certain missile characteristics modify the handling and stowage problem. The Terrier missile
is heavy and unwieldy, since its length with
booster is over 26 feet, and its weight is in the
neighborhood of 2400 pounds. The electronic
equipment, and the powder grains that make up
the booster, require a controlled environment
in order to maintain missile reliability. If subjected to cold, the boosters and sustainers become brittle and are more likely to fracture
upon normal handling. A missile propellant
that is cracked will burn faster than it normally
should, becoming unreliable and perhaps extremely dangerous.. Excessive heat and/or
moisture will also have an adverse effect on the
missile booster and sustainer propellants.

In addition to the conventional search and
fire control radar normally found on Navy
ships, a designation radar is installed as part
of the weapons control system. The designation radar is a hemispherical scan radar, and

it provides a continuous 360° HORIZON TO A
GIVEN ELEVATION radar scan. Thus, the

designation radar will supply range, bearing,
and elevation of all targets within its range.
All targets within the scope of the hemispheri-

cal scan radar are made available as inputs

to the automatic tracking (TWS: track-whilescan system) feature of the weapons control
system. Automatic tracking is necessary because of the requirement for speed, and because the number of targets may exceed the
number of directors available, or the capability
of human tracking. The Terrier weapons control system is able to retain all target information in a ready-to-use form, for transmission
to directors as rapidly as they are able to take
successive targets.
Too, because of the limited time available,
provision is made within the weapons control
system for as much automatic evaluation (as
opposed to human operation) and director assigning features as is possible. Thus an
aircraft attacking so as to be the most serious
threat will automatically be given priority in
director assignment.

Each missile launcher has an associated

magazine, ready service magazine, and wingassembly area. The missiles are stored in a
condition ready to be launched on short notice.
Also because of the rapidity with which the AA
problem develops, provision is made for rapid
loading of additional missiles and the jettisoning of malfunctions. With the exception of wing
and fin assembly, the Terrier loading cycle is
fully automatic.
A more detailed study of missile loading and
launching systems will be included in the confidential volUme of this series.

Weapons Control System Phases

Within the weapons control system are three
successive phases of actions and equipments,
although the interaction of modern equipment

THE AA PROBLEM

Figure 11-12 is a block diagram that will
help the reader to understand the functioning has tended to break down separation into phases.
PHASE I.This is a combined phase I for gun
of the Terrier weapons system as it concerns
and
missile use, whereby targets are selected
the AA problem.
by the phase I equipment operators for automa-

tic tracking. These phase I operators, aided
by what is presented on their radar scopes and
by the information received from CIC, then

Detection and Identification

A target 18 detected by the ship's air

institute the automatic features of the TWS sys-

search radar, by an Airborne Early Warning
(AEW) system, or perhaps by another ship
acting as a picket. Another source of informa-

tem. To summarize, phase I equipment provides for display, detection, initial selection,

tion is the Navy Tactical Data System (NTDS),

discussed later.

This target information is

presented to CIC and the weapons control station

in a conventional manner. The target is interrogated, plotted; and assigned a designation according to its status as friend or foe.

.
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and tracking of targets.
PHASE 11.Xhis and succeeding phases will
be discussed only insofar as they concern the
missile problem. Parallel capabilities for tar-

get acquisition are provided for the gunnery
problem. Phase II equipment for missilery
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depot's responsibility to test, assemble, and
transfer a complete missile in the form required by the recipient. A missile, being extremely complex and of large unit size and
value requires more care in transport and

provides for evaluation and assignment to a
particular missile director, or for rejection as
a missile target. If the target is rejected for
missilery at this point (or at any other time),
designation to a gunnery director must be considered. (The phase II equipment for gunnery
will function automatically to assign to a gun

handling than does a conventional round of ammunition. For this reason, all handling equipment and shipping containers are designed to
realize maximum missile reliability.

director for acquisition any target that meets
the priority requirements.) Duplication of effort is prevented by the fact that targets are
normally engaged with missiles long before
their priority dictates serious consideration by

Once aboard the ship the missiles are
again tested to ensure reliability. Missiles

the gunnery assignment equipment. To sum up

the phase II equipment operators select and
assign priorities to missile targets; they then
assign the targets, in order of "threat", to the
missile directors for acquisition.

PHASE III.The function of the phase III

equipment is to receive and display all the comprehensive information necessary to select
launchers and successfully fire the appropriate

missiles against the selected targets. Information, such as unclear areas, launcher

availability, maximum and minimum missile
capabilities, present and advance target position, etc., are available to the phase III
equipment operators.

must either pass the rigid tests or be repaired.
When any missile component fails in test, it is
replaced with a spare and the rejected part is
shipped back to a depot for complete overhaul.
The ship is equipped to make minor repairs
and component substitutions, but not to make
extensive overhauls. All the steps in missile
manufacture, storage, handling, and testing are
for maximum missile reliability.
Missile ships are equipped to receive replacement missiles both while in port and while
under way. Transfer at sea is usually con-

ducted by use of the burtoning method. Some of
the newest ships use the FAST (Fast Automatic
Shuttle Transfer) system. Both the supply ship
and the receiving ship must have the equipment.
The FAST system compensates for roll, pitch,

and station alignment. It increases the missile
transfer speed, and is able to handle the largest
missiles expeditiously and safely. It is planned

Fire Control

A director, having acquired the target designated by the weapons direction equipment, to equip all ammunition supply ships (AEs) with
will, together with its computer, complete a the FAST system.
solution.

The solution is in the form of

missile launcher orders. and missile guidance
orders. The AA problem is completed when the
target is destroyed, or when a director is released because of change in target priorities.

NAVY TACTICAL DATA SYSTEM (NTDS)

The Navy Tactical Data System (NTDS) was
planned to provide more accurate target information to a task group. Six ships are now
equipped with NTDS; current plans call for all
MISSILE LOGISTICS
major U.S. warships to be fitted with it. Future
plans may extend it to smaller ships. It is a
Missile logistics is the problem of keeping system for automatically and rapidly dissemithe operating forces supplied with a stockpile nating among all the NTDS-equipped ships in
of missiles and spare parts. Initially; missile the data-gathering area such information as aircomponents are shipped in sections from the craft early warning; positions and identities of
manufacturers to storage depots located all aircraft, surface ships, and submarines; and
throughout the continental United States and at command decisions.
Own ship target data gathered by search
its advanced bases. Each of the sections that
make up the missile is packaged in a reusable radars and the fire control system are stored
metal container. The containers. are sealed, and processed at high speed by one or more
and contain desiccant in order to 'provide an digital computers and displayed on a target
environment least likely to cause unreliability evaluation and weapon assignment console. The
in the component. When necessary to 'supply processed data are transmitted to all the other
the operating forces with a missile, it is the NTDS- equipped ships in the area. Targets
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detected by a screening ship, for example, are
automatically transmitted and displayed on other
ships' consoles, with provision for target sorting
to avoid duplication.
The existing NTDS network is basically a
surface operation, with airborne data link, but

missile; missile guidance equipment; the sub-

marine; and missile stowage and launching
systems.

To ensure a successful flight of our first
subsystem, the missile itself, a reliable guidance system must be employed. The principles
of the various missile guidance system were
explained earlier in this book. The type of

it does not now include a direct tie-in with

submarines.
NTDS equipment includes up to four Univac
USQ- 20 stored-program general-purpose digital
computers aboard each ship; CVA's carry four;
DLG's carry two. Each ship also carries from

guidance used depends on such things asdesired
accuracy, cost, simplicity, reliability, and probable countermeasures. Guidance selection, although it has a direct bearing on the design

four to 25 displays which are direct -view cathode

and operation of the missile system, is beyond

ray tubes (CRT's) and are used for on-line

the scope of this chapter. This chapter will
deal primarily with the fundamentals of the
submarine missile system that are common

digital computer information from the computers

and for radar-derived data.
In excercises with NTDS aboard carriers, the
system was able to handle any number of targets, beyond the saturation point of conventional
CIC equipment. In simulated raids with large
numbers of aircraft, NTDS could track all the
targets.
The airborne portion of NTDS is carried
aboard E2A aircraft. Some success has been
achieved with it in over-water flights but technical problems remain in developing a radar
that can pick out moving targets over a land
mass background (clutter and other radar interference).

to all guidance techniques.

The third subsystem, the submarine itself,
provides a launching platforni, basic services,
Mel, and other logistic support functions. Also
included on the submarine are a navigational

system, and missile fire control equipment.
The launching of missiles toward targets
miles away can be compared to a very longrange gunfire problem. The submarine will
usually have no direct observation of the target, or of a known geographical reference.
But the position of the guiding craft must be
fixed with extreme accuracy. Location, heading, ground speed, and. other reference data,
all have an effect on the CEP (Circular Probable Error) of the missile.
The SINS system (ships inertial navigation
system) is presently the most sophisticated
of the navigational systems now installed on
missile submarines. The heart of SINS is an
inertial guidance package based on the principles of inertial guidance explained in preceding chapters.
Included within SINS are
numerous gyros and accelerometers whose

SUBMARINE MISSILE SYSTEMS

GENERAL

Undoubtedly, the most feared and respected

retaliatory weapon in our present arsenal is
the powerful and deadly accurate Polaris missile as carried by our nuclear-powered ballistic submarines (SSBNs). Another submarine
missile system being developed for defense
against enemy submarines is nearing operational status. This system, Subroc, will eventually be installed in most of our submarines,

both conventional and nuclear-powered types.
Polaris and Subroc were briefly described
in chapter 1. In this chapter we will, within
the limitations imposed by classification, give
you a fuller look at each of them.
MAKEUP OF .A SUBMARINE
MISSILE SYSTEM

;C:1

Four major subsystems make up the guided
missile submarine system. These are: the

function it

is to generate the submarine's

position and speed, and to establish true north
and a vertical reference. SINS, then, acts like

a dead reckoning computer/analyzer whose
function it is to provide continuous and extremely accurate navigational and reference
data. It also has the ability to weigh, analyze

and make corrections to its dead reckoning
solution based on optic* and electronic navigational inputs..
In addition to the navigational system, a fire
control system is included on the submarine.

The function of the fire control system is to
transfer reference information to the missile,
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nature, vulnerability, size, and location. With
strategic targets, these factors. are evaluated
well in advance of the mission. Tacticaltargets
require faster military decisions. Both planning estimates, however, are usually accomp-

and to control and monitor the missile during
preflight checks.

The last subsystem to be considered is for

MISSILE STOWAGE AND LAUNCHING. Figure

11-13 sketches the interior of a Polaris sub-

lished on a much higher planning level than the
launching ship.

marine and shows arrangement of the missiles.
The handling equipments and launcher components are in the same area.

Flight Planning

THE UNDERWATER PROBLEM

In addition to the target considerations,

additional planning must be given to the flight
plan of the missile. Thus, whereas the missile
would be most likely to remain undetected at
very low altitudes, the range to the target may
prohibit such employment. Intelligence and the
immediate tactical situation also play an important part in missile flight planning.

Target Considerations
Because of the high unit value of submarinelaunched UGM and UUM missiles, certain fac-

tors must be considered, such as the im-

portance of the target to the enemy, and target
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POLARIS MISSILE SYSTEM

the second stage rocket motor continues to pro-

pel the missile to a point above the earth's
The Polaris (UGM) is a 2-stage surface- atmosphere. When the missile has reached the
to-surface or underwater-to-surface inertially proper velocity and point on the trajectory, the
guided ballistic missile with an approximate reentry subsystem separates and the warhead
range of 2500 nautical miles (Polaris A3). The follows a ballistic trajectory to the target.
earlier Al and A2 Polaris missiles had some- The time of reentry subsystem separation dewhat lesser ranges. The Polaris is designed to termines the range which the missile warhead
be launched from a submarine cruising on or will span. Polaris range can be varied in this
below the surface. The two powerful, solid- way from about 575 to about 2500nautical miles.
propellant rocket motors are capable of lifting
Since there are no external control surfaces
the warhead high above the range of any known on Polaris, changes in the trajectory
are acanti-missile missile at a speed exceeding ten complished by deflecting the jet stream
from
times that of sound, and placing it into a free- its motors. A pre-computed ideal trajectory
fall trajectory which will carry it to its target is preset into the missile. The preset inwith deadly accuracy. The warhead of the formation takes into account the movements
of
Polaris is a compact and powerful nuclear the target, the launching point, and the missile
device. The explosive power is one shipload with respect to inertial
space during the time
of sixteen missiles exceeds the total amount of of flight. The warhead release
velocity which
explosive power expended by all of the par- the missile must attain along its trajectory
on
ticipating countries in World War II, INCLUD- the basis of a fixed time of flight is also preset.
ING the two atomic bombs dropped on Japan.
The launching submarine accurately
In a submerged launch, ignition of the first its launching position by use of determines
stage rocket takes place shortly after the missile navigation system, and the position ofantheinertial
target
breaks the surface of the sea (fig. 11 -14).. This on the earth's surface is determined by reliable
is the beginning of powered flight and the inertial charts. While in the power stage of flight, the
guidance portion of the trajectory. The first missile continuously
measures its linear acstage propels the missile far into the at- celerations on the basis
of its inertial system
mosphere. The first stage then separates and and alters its trajectory to offset the outside
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Figure 11-14.Polaris trajectory (not to scale.)
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forces causing unwanted accelerations. When SUBROC MISSILE SYSTEM
the missile is on a proper trajectory and a correct velocity has been attained, the warhead is
Subroc (UUM) is an underwater-to-air-toreleased and proceeds on toward the target with
underwater
missile designed to destroy enemy
no further correction possible.
submarines at long range. The missile consists
The warhead dives on its target at a steep essentially of a depth bomb and a rocket motor
angle and at several times the speed of sound. joined together. Either a nuclear or a convenThe materials for the outer surface of the tional depth bomb warhead can be employed.
warhead have been specially developed to resist The launching submarine carries the equipthe high temperatures generated by friction with ment for detecting and tracking the enemy subthe atmosphere at reentry speeds, and suitable marine, the fire control equipment for computinsulation is provided between the outer skin and ing the target information and providing the
the internal components to prevent damage to necessary pre-launch missile information, and
the warhead.
the equipment for launching the missile. The
The SSBNs from which the Polaris is fired missile is designed to be launched (fig. 11-15)
provide a mobile launching platform which is ex- from a standard submarine torpedo tube using
tremely difficult to detect. It can remain sub- conventional ejection methods. Upon being
merged for very long periods of time and cruise launched, the rocket motor is ignited at a safe
to most any position within the oceans of the distance from the firing ship. The missile's
world. By use of its inertial navigation system, flight through the air is controlled by an inertial
it can provide the precise fire control data guidance system which functions in accordance
with the fire control information set in prior
required to place Polaris right on target.

Figure 11- 15. Subroc launching from a submarine.
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to launch. In addition to providing the propulsive force for the missile, the rocket motor furnishes power for controlling the thrust vectoring mechanism during the boost phase and the
thrust reversal necessary to accomplish rocket
motor separation. At the proper point in its
trajectory, the rocket motor separates and the
missile continues in a free-fall flight. At the
time of separation, the control of the missile is
switched from the thrust vectoring mechanism
to aerofins. During the ballistic portion of the
flight, the aerofins control the missile in roll
and azimuth. Pitch guidance is initiated at,
or near, the zenith of the trajectory to direct
the missile to the desired point of impact on the
water surface. Guidance is terminated at a
predetermined height above, the water, and the

3. the aircraft, and
4. the missile guidance equipment.
The Sparrow I missile is a beam rider. It

includes a warhead, an influence fuze, a guidance
and control section, power supplies, and a rocket

motor. Sparrow I was the nation's first air-toair guided missile, and is much less sophisti-

cated in guidance principles than its more recent
sister, the Sparrow III. SparrowI is an optically
sighted beam rider, while Sparrow III is fully
radar operated. Both missiles fulfill the design
requisite of having a high single-shot probability
of kill and a range longer than can be achieved
with conventional AA guns. Up to four Sparrow
missiles are carried on appropriately con-

figured aircraft.

Missile aircraft can also

mixed loads of Sparrow and Sidewinder
aerofins are locked in the zero position to carry
missiles
(fig. 11-16).
provide for proper underwater travel. At
Additional
data concerning specific airborne
water impact, a timer mechanism starts and missiles is contained
in chapter 1, and in the
causes the warhead to detonate at the proper confidential course supplementing
this text.
time.
The
AIRCRAFT
CARRIER
(or
More detailed information on both Subroc is needed to provide operational land base)
and logistic
and Polaris can be found in the appropriate support for the missile and
missile
aircraft.
classified publications.
Test equipment, training facilities, and provisions for handling and stowage are included
AIRCRAFT MISSILE SYSTEMS
on the mobile base. Additionally, as integral

parts of the system, are the fighter director
facilities which must direct the missile aircraft
to
the vicinity of the target. Maintenance of the
There are two broad classifications of air- missile
on a "Go-No-Go" basis, as is the
craft missile systems: air-to-air and air-to- practice is
with
many other operational missiles.
ground. The Sidewinder and Sparrow families That is, missiles
which.
are examples of AIM systems. Bullpup is an lance or preflight tests do not pass surveilare rejected, and deexample of a Navy AGM system. Figures 11-16 fective sections are returned
to centralized
and 11-17 are pictures
GENERAL

of the Sparrow, Sidewinder, and Bullpup missiles on appropriately

maintenance .facilities for repair or overhaul.
This system speeds up acceptance testing, and
configtired aircraft.
the widespread need for extensive
The Sparrow family is a typical aircraft eliminates
maintenance facilities.
missile system. The student will recall that
The missile AIRCRAFT is of course the dethere are three major missiles in the Sparrow livery
vehicle. Aircraft configured to carry
family. Sparrow U will not become operational and launch radar-guided
missiles must carry
in the U. S. Navy. Sparrow III, while in many
extensive
electronic
equipment
for missile guidrespects greatly different from Sparrow I, has ance. Other equipment to aid
in target acthe same general characteristics such as length, quisition, and to furnish "course-to-steer"
weight, and configuratiOn.
and "in-range" information, may alio be in-

cluded on the aircraft as part of the missile

THE AIRCRAFT (SPARROW)
MISSILE SYSTEM

system.
The last subsystem is that of the MISSILE

There are four major subsystems that can
be considered to make up the sparrow missile
system: These are:
1. the missile
2. the aircraft carrier, (or land base),

269

GUIDANCE EQUIPMENT. The principal func-

tion of this equipment is to determine the displacement of the Missile from the tracking radar
beam, and to send the necessary control informa
tion to the missile so that the missile will fly the
beam.
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3.112

Figure 11-16.A4D Skyhawk with Sparrow and Sidewinder missiles.

' ff
"

3.112

Figure 11-17.A4D Skyhawk carrying three Bullpup B missiles.
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THE AIR-TO-AIR MISSILE PROBLEM

To illustrate the AIM missile problem, let
us take the classic example of an aircraft car-

rier providing air cover for a task force at

sea. Our missile aircraft will be alerted to
the presence of enemy aircraft by. the force
fighter director organization. The missile

tem. The more sophisticated the missile system
becomes, the more automatic the various steps
become. The earliest AIM missiles required
visual contact and mental computations, whereas
the latest systems perform most of the steps
automatically.
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PART II. - NUCLEAR WEAPONS
CHAPTER 12

FUNDAMENTALS OF NUCLEAR PHYSICS
INTRODUCTION

protactiniumwee sometimes split into two

aporoemately equal parts when bombarded by
235 could be
There are some entirely new tuchrological neutrons, but that only want:nu
(thermal)
neutrons.
principles involved in nuclear weapons, as com- split or Hastened by slow
It
was
also
discovered
that
dux
ing
this
process
pared with conventional weapons. In the case of
1
to
3
more
neutrons
were
released,
conventional explosives enemy is released
through chemical reactions; i.e., rearrange- making the multiplying chain reaction a distinct
ment of the atoms of the aplosive substance.
In 1942 a special govemment project, called
In the nuclear explosion energy is prodwed as
Manhattan Engineer District, was established
a result of the formation of different atomic the
nuclei, by the redistribution of the protons and in the Army Corps of Engineers. Scientists
this projneutrons inside the atom itself. What is com- from various universities 'narking onChicago
to
ect
gathered
at
the
University
of
monly referred to as atomic energy is really
pile
to
build
a
self-sustaining
chain-reacting
nuclear energy, since it results from nuclear
determine
for
sure
if
an
atomic
bomb
was
interactions. For this reason atomic weapons
are now preferably called nuclear weapons. feasible.
The pile was constructed on a lattice principle,
with graphite bricks as a moderator to
SCOPE

slow the neutrons, and with uranium placed

intervals as the reacting material. ReThis chapter will cover those aspects of at
physics that pertain to the structure of the cording instruments at various pointsofinside
neu-

gave an indication
atom, the nature of its component parts, and and outside the pile
Movable
rods of neutron abtron
intensity.
atomic
the predictable behavior of the several
sorbing
material
were
placed
at intervals incomponents. It will also cover very briefly
side
the
pile
during
construction
for safety and
the means man has developed, or is now decontrol.
It
was
fortunate
theie
strips
were used
veloping, for the liberation of the energy availin
this
manner,
as
the
pito
reached
a critical
able inside the nucleus of the atom.
condition
at
a
much
earlier
stage
of
construcWithin the limits allowed by security re2,
strictions, subsequent chapters will trace the tion than was anticipated. On December
if
the
1942, all was in readiness to find out
uses of nuclear energy in naval weapons.
previous predictions were true. All but one
ATOMIC RESEARCH PRECEDING
THE BOMB

control rod was removed from the pile* then the

last rod was slowly removed. The predictions
proved to be correct; . the pile was maintaining
By 1939, a number of scientists had theo- a nuclear chain reaction.
Much work was done in the following three
rised that an atomic bomb for military uses
years'
in 1945, this work produced, on the
was a possibility. Nuclear reactions had been floor ofand
the
New Mexico desert, the first exstudied extensively during the previous ten
plosion
of
an
atom bomb. A few weeks later
years. These studies had been One on only a
two
bombs
were
dropped over Japan, ending the
small scale because of the scarcity of radiowar
and
beginning
a new era in warf..1:..
active materials.
As every reader of this text is undoubtedly
By 1940, it was discovered that three radioaware,
the military and industrial uses of atomic
and
thorium,
active elements uranium,
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energy have become a major concern of the
ELEMENTSEach element has its own charUnited States, its allies, and its potential acteristics
and its own characteristic atoms.
enemies.
Much military thinking has been An element is a substance
which cannot be
revised, and much more is in the process of separated into simpler susbtances
by ordinary
revision. Regardless of his specialty, no
means. There are 92 natural elements
military man can afford to ignore the atom. chemical
ranging from hydrogen, the lightest, touranium,
These chapters are intended to prepare pros- the
heaviest. Several others have been propective naval officers for further study of this duced artificially,
one of these being plutonium.
subject.
ATOMSAn atom is the smallest unit of an
OBJECTIVES

This chapter will take up, first, the nature
of matter. It will begin with the definitions of
the component parts of the atoms that make up
matter. The interpretation of atomic structure
will be covered, although the major emphasis
will be on the atom and its component particles.

The second major division of the chapter will
deal with radioactivity. This natural phenomenon
gave the scientists some of their most significant clues in learning the nature of the atom.
Because of its bearing on health and safety,

radioactivity has become a primary concern
for industrialists, community leaders, and the
officers and men of the Armed Forces.
The last part of the chapter will be concerned with nuclear reactions. These reactions are the real source of the power that
is commonly called nuclear energy.

THE NATURE OF MATTER
DEFINITIONS

Man has long wondered about the nature of

matter. With the advent of better scientific
methods, man has discovered the natural ele-

element that possesses the chemical characteristics of that element. Scientists have broken
the atom down to three fundamental particles
called electrons, protons, and neutrons.
NUCLEUSProtons and neutrons' make up
the central part of the atom; electrons move in
orbits around this central core. This central
core of the. atom is called the nucleus. Most
of the weight of the atom is in the nucleus.
ATOMIC WEIGHTSince the atom is very
small, it is difficult to state the mass of an
atom because the common units of mass are
too large. For this purpose a new unit was
defined: the atomic mass unit (amu). Chemists found that the oxygen atom is approximately
16 times as heavy as the hydrogen atom. Therefore, oxygen was assigned the arbitrary figure
of 16.00000 atomic mass units. The masses of
other atoms were then determinedby comparing
them to oxygen 16. For example, uranium 235
was assignedthe figure 235.11750 atomic mass

units.
Since one amu is defined as 1/16 the mass
of the oxygen atom, the mass in grams corresponding to onc atomic mass unit is approximately 1.66 x 10-24 grams.
The most convenient unit for describing
the energy of atomic or nuclear systems is the
electron volt, abbreviated ev. One ev is the
energy which an electron will pick up in accelerating through an electric field of jie volt
potential. One ev is equal to 1.6 x 10-14 ergs.
The unit Mev (million electron volts) is also
used. Since one Mev = 1.6 x 10-0 ergs, one

ments that make up all matter in nature.
COMPOUNDSUnder certain conditions, two
or more elements can be combined. chemically
to form what is calleda compound. The resulting amu (1.66 x 10-24 grams), converted to
energy
susbstance may differ widely from any of its in accordance with the formula
E
=
mc2,
would
component elements. For example, water is correspond to 931 Mev.
formed from two gases, hydrogen and oxygen,
chemically combined.
Atomic Table
Whenever a compound is formed, two or
more atoms of the combining elements join
Figure 12-1 is a standard table of the elechemically into what is called a molecule. A ments
called, the periodic table.
molecule is the smallest unit that shares the grouped according to the number The atoms are
of electrons in
chemical characteristics of a compound. Water their outer shells. When
elements
in this instance consists of one atom of oxygen are built up by the additionsuccessive
of outer electrons,
and two atoms hydrogen.
there are fairly sharp changes in cheMical
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Figure 12-1.Periodic table of the elements.

properties from element to element. (But in reasonably suppose that the atoms- of which
the rare ear*. series, at the. bottom ,of the matter is composed are electrically neutral;
table, this is not true. These successive ele- 'that is, they. contain no net charge. Atoms
-ments are built, up by the addition of electrons normally contain exactly as many electrons
moving,, in.:,shells around the .nucleus as .there
in the Inner shells.)
Neutrons, having
are proton's" .in the, nucleus.
charge.. do. not affect the chemical nature of
-number ;Of protons in the
e

ATOMIC STRUCTURE

cleus that determines the element to :which
atom :belongs.. 7For an-example, hydrogen

The Nucleus and..EleCtrone,

has one proton and one orbital, electron. Helium
has two protanS., and two . electrons, increasing'
Or each heavier atom, until we -come tothe last
turalleleilielit, uranium, which has 92 protons
92 electrons..

The atom is composed of a positively charg
7 central 'mass called the NUCLEUS.. :,This;mass
is Made up of protoziS,s which have a, positive
'chak'ge, and neutrons,

AiciUnd(*e'auCiOukbiit**0018*Ic9147:9*.
it, are electrons Which rove In .rlits. O1-

lectron
:

:

charge.. Since the p.nicha . ige

The electronsre' not distributed at random

positively..

.t.:`:tiiC-.nUcleus,. but:exist.. in arrangements

nd the electron is cha ged negatively, we can
`.?

.
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which follow definite laws. Figure 12-2 shows 12-3.) Atoms with outer shells
completely
an atom of oxygen with 8 protons, 8 neutrons, filled.will not unite to form
for this
and 8 electrons. Two of these electrons are in reason some elements cannotabemolecule;
combined chemthe shell next to the nucleus. No more than two ically.
electrons may be present in this shell, no matter
We have stated that the chemical properties
what atom is under consideration. If a nucleus of an
atom are determined by the electrons.
has more than two protons, electrons in excess The chemical identity of
an atom is determined
of two lie in shells outside Ihe first one These by the number of protons,
shells are normally designated by capital let- in its nucleus. Hydrogen or positive charges,
is hydrogen because
ters, the first one being. K, the second,: K, the its nucleus contains
one
proton;
uranium is
third, hit, etc.
uranium because its nucleus contains 92 protons.
Chemical Implications
Electrical Implication's

The electron structure of an atom determines
Because electrons are very small, and move
its chemical properties. So far we have dis- in orbits
at relatively great
cussed the K shell. To fill the L shell, 8 elec- nucleus, an atom is mostly distances from the
empty space (fig.
trons are required. Look again at figure 12-2. 12-4). An atom is
about
10-15
cm in diameter.
The oxygen atom has 8 protons, 8 neutrons, (This figure refers to
the
diameter
of the outer
ter
and 8 electrons. Two of these electrons are electron orbits.) A nucleus
is about icru cm
in the K shell. This leaves 6. in the L shell, in diameter.
which C.an'told
In order' to fill the L shell
Since the electron is so far from the nucleus,
and make it coMpletei. "two more!. eleCtront are an atom
can lose an outer electron under cerneeded. 'For this reason. th)): Oxygen' atom
tain
conditions.
These free
combines readily with two hydrogen atoms to having a negative charge, or stray electrons,
usually seek an atom
.

form a chemical compound.'-water. (See. figure

with a vacant space in its outer shell.

.
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shells around the nucleus. This number is the

ATOMIC NUMBER, or SYMBOL Z.

/

HYDROGEN

THE TWO HYDROGEN ELECTRONS

FILL THE TWO VACANCIES IN
THE OXYGEN SHELL

0.--..

0

I

easily described. For example, 92235 is an

atom with 92 protons (symbol U for uranium),
92 electrons in shells around the nucleus, and
a total of 235 nucleons in the nucleus. Since
92 of the nucleons are protons, this leaves 143
neutrons in this particular atom.

.41)

.4b
0

1

(sum of protons and neutrons) in the nucleus;
this is called the ATOMIC MASS NUMBER, or
SYMBOL A. The standard notation takes the
following form: zXA, with X representing the

Z. the atomic number, and "A the atomic mass
number. Using this notation, any atom can be

I

°.

The next

NUCLEONS

symbol of the element to which the atombelongs,

110

1,0"

characteristic is the number of

OXYGEN

I#

ss
1

ISOTOPES
HYDROGEN

5.37

Figure 12-3.A molecule is formed by a
union of outer shells.

Isotopes are defined as atoms of the same element, but different atomic mass numbers. Hy- -)
drogen has three isotopes. The most abundant

isotope of hydrogen has one proton and no

.

When an atom loses or. gains..an ,electron,
the electrical balance of the atomlis changed. It
is said to be IONIZED.. When an atom loses an
electron it becomes a POSITIVE ION. When it
gains an electron it becomes a NEGATIVE ION.
The product of an ionizing eventip.usually an
.

ion p,air.of equal and' opPOeifte Charge.'

Ionization does .ntit' alter the 'ilUcleus,'.; and

therefore doeS not Change one element la an

other. 'As. soon. as 'conditions permit, an ionized
particle-. reverts to its balanCed or 'electrically

neutral state.
eleCtron :cam Jump
Through excitation
froni..-one shell ' to. the neit:' In this process a
small amount of electranagnetic, energy is
given off; this energy is called 's: PROTON.
.

.

NUCLEAR StYMBOLS
t,

4

Before the; discoveiy of tne!neutron, acien.!
one or .Awo letteik
tists' identified; the atom
ssymbols rePiesenti4g; itor"chiniCal , name. For
helium,'
example, H ,i/as

etc. ,4114e:is..!inioWn:taes SYMBOL. X. An order
a
AO ,. discuss the Jelemeti<ts *
notational form is. now`used:.It7is.t tsed on

S 'APPROX. 400FT IF
DRAWN TO SCALE FOR
PROTONS AND
NEUTRONS OF SIZE

PROTON

NEUTRON
.

ese

e

13,1nu

;;'niunber.
.teneutralce.

r

:0;.:;;

SHOWN,

144.60.0

simple atom.
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neutron, as shown in figure 124. Another isotope of hydrogen, called deuterium, has one
proton and one neutron. The third isotope,
tritium, has one proton and two neutrons. (See
figure 12-54
Another term which is sometimes important,
and which you should not confuse with the iso-

tope, is the isobar. Isobars are defined as

different elements with the same atomic mass
number, for example, iritium and helium 3,
which are shown as: ;114 and 2He3.

Isotopes will be mentioned frequently in
later parts of this chapter and book.

These different types of radiation are emitted
because the unstable nuclei are trying to reach
stability. These nuclei can attempt to reach
stability by emitting a beta particle, an alpha,
particle, or a gamma ray. Different types
of nuclei will have their own characteristic
mode of radioactive decay. Some may always
emit alpha particles; others may emit beta,
gamma, or other particles.
STABILITY

It has long been l&uwn that the more protons

a nucleus contains, the more neutrons it must
have,
proportionately, for stability. If a nuScientists found in certain uranium salts a cleus contains relatively too few neutrons
it
curious phenomenon that caused exposure of will be radioactive, emitting a positron when
photographic plates, although the plates had it decays; If it contains too many neutrons it will
been shielded from light. This phenomenon again be radioactive, emitting this time a beta
was called RADIATION, and it emanated from particle when' it decays. Stable light elements
the nucleus. Later work was done using are found to have equal numbers of protons
electric and magnetic fields to deflect this and neutrons, but the heavier elements contain
radiation. In this way three basic types of increasing proportions of neutrons to
radiation were separated and identified (fig. Thus, stable helium 4 has two protonsprotons.
and two
12-6). One type could not be deflected by a neutrons in the nucleus; halfway
up
the
table
magnetic or electric- field. This was called elements a typical nucleusa stable isotope of
of
gamma radiation. Another type was deflected silverhas 47 protons and 60
neutrons,
slightly and appeared to be positively charged; neutron-protron ratio of 1.28; and, at the top ofa
this was called alpha radiation. And still an- the table, uranium 235 has 92 protons and 143
other type appeared negative in charge, with a neutrons, a neutronproton ratio of 1.55.
further deflection. This type was called beta
The neutron-proton ratio is important to
radiation. Under some conditions an excited stability
because of the slight tendency of pronucleus emits another particle of the same mass tons to repel each other even though bound
into
as an electron, but with a positive charge; this a nucleus by nuclear forces. Because of their
is a positron. Remember that all of these radia- charge, the protons will tend to separate from
tions originate in the nucleus of the atom.
one another. However, because of saturation
OTHER NUCLEAR PARTICLES

ee a

O

H2
OR . 1

.HYDROGEN

.

D2

DEUTERIUM

e 12-5.The three' hydrogen isotopes.
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PHOTOGRAPHIC

PLATE

(0)
MAGNET

RADIOACTIVE
SOURCE

LEAD BLOCK
SHIELD
WITH
HOLE
IN TOP

(b)

144.81

Figure 12-8A.Radiation deflection experiment,
showing three types of radiation.

cannot all be, on the nuclear surface. To take
a:up nuclear space, then; an excess of neutrons

will be required, since these particles will

experience no charge repulsion, but only nuclear
forces., PrOtons on opposite sides of the
geuspeinw4lillepinendfaellte e#e ne

r

force( but only an electrostatic force. However, they are bound nuclearly to common
intermediate interne nueleone, 'and so the
small electric repulsion is not sufficient to

9.11X10 4' GRAM

(.00055 AMU)

GAMMA PHOTON
GAMMA

+

a9.11X10"" GRAM

( .00055 AMU)

(c)
5.159:.160

Figure 12-8B.Absorption of gamma rays,
showing (a) photoelectric effect; (b) Compton
effect; (c) pair production.

exPel thent.. In other words,:since the binding different atomle numbers). In each case, the
fofce of a micleon is greater than the electric proton. finds it desirable to change identity,
becoming a neutron, and kicking off its charge
repulsive force; thenecleue staystogethet.
When there are tee Inlay protenS: in a nu7 in the form' bf a positive'beta 'particle (posttrim); Therefore,. /3 + 'radioactivity results
1107
.geneiaily.
the
clews
Mairi'lioUnk-but ;it Mei be that a lower energy from too low a neutron - proton ratio. In a
Similar. process, and a more Common tYpe of
are ele
state will exist
kidioactivity, a . neutron may change itself into
haVethe same.-MeeiknuMbeks.
meets

1.
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ry

a proton and a negative beta particle -(electron), nuclear reactions is tremendously greater than
which is ejected. This type of change results energy release of chemical reactions.
from the fact that there are too many neutrons have covered nuclear reactions only brieflyWe
at
in the nucleus, and there is a lower energy state this time; they will be covered more thoroughly

for the isobar with a lower nip ratio. There- in a later section of this chapter. Their pracfore, $ - radioactivity results from too high an tical importance will become evident in later
nip ratio.
chapters.

When a radioactive isotope contains too many
neutrons, a neutron in the nucleus changes to a
RADIOACTIVITY
proton and an electron, which is ejected as a
beta particle. The new nucleus which is formed PRELIMINARY
has no change in atomic mass number, but the
atomic number increases by one. For an
Radioactivity can be defined as the process
example:
by which one or more types of radiation are
emitted from a nucleus because the nucleus is
H 3 --0-21le3
unstable.
Although we can predict from experi+beta particle + energy.
1
ence. and observation whether a nucleus is unstable, it is impossible to predict accurately
When an alpha particle is emitted from the when a particular nucleus will undergo
radionucleus, this nucleus changes to a new nucleus active decay. The rate of decay for a particular
because it loses the two protons and two neu- radioactive isotope is described statistically for
trons which make up the alpha particle. An a large number of atoms in much the same way
example of this would be:
that an insurance company can predict the lifespan of an "average" man living in the United
States, although it is impossible to
U235
when
92
90Th291--0,- + alpha particle +E any particular individual will die.predict
This use of
a large number of atoms is valid because
a
The emission of a gamma ray does not change small amount of material contains a veryeven
large
the structure of the atom since it still has all of number of atoms.
its protons and neutrons. Gamma decay may
occur alone if the nucleus has mole energy than Natural Radioactivity
is necessary for stability. More often gamma
rays are emitted in conjunction with other prodWith very few exceptions, aturally radioucts, especially beta rays.
active materials will be found toward the end
of the table of elements., (See figure 12-1.)
CHEMICAL VERSUS NUCLEAR REACTIONS
Each nucleus has its own particular rate of radioactive decay; it may decay within fraction of a
Nuclear reactions involve atomic nuclei. second or it may take billions ofayears.
Some
They are quite different from chemical re- scientists believe that all elements probably
go
actions. In chemical reactions, changes occur through the process of decay;, but for
some
the
in electron configurations, but the atomic nuclei process is so slow that our instruments cannot
remain the same. An explosion results from detect it, so we say that these elements are
the: very rapid release , of a large amount of stable. One of the active isotopes
(uranium)
energy. When equal masses are .considered, finally becomes lead through
a
series
of radionuclear energy. release' is of a much greater active decay, but the process takes billions
of
Magnitude than chemical energy. Two kinds of years..
nuclear liiitcticins that satisfy the conditions for

the productionot.a large amount of energy
ilia 'Wirt time are "fission" and fusion." The
complete fission of .1one: pound .,of fissionable
material can produce
much` energy as 8,000
pounds Of TNT; the fusion of .ode. :poUnd
fusionable :material Would release roughly the

same 'amount
energy as 28,000.: pounds of
TNT. So yoti can see that the energy: release,: of

Induced Radioactivity.

It is possible to change a stable element into
a.--radioactive. element by bombardment of its
atoms' in a nuclear reactor. AU of the existing
elements' can now -.be made radioactive by
bombardment in this: manner..' Hundreds .of dif.

ferent radioactive..Isotopes. can be produced

2'15

f-A..
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artificially. Their use is widespread in medicine

and industry, as well as in research. For example, radioactive phosphorus is used to treat
skin cancer; it emits beta particles, which do not

penetrate very deeply. 'Radioactive iodine is

used for the treatment of diseases of the thyroid
because these glands have an affinity for iodine
and attract it.
Figure 12-7 is a diagrammatic representa-

tion of manmade radioactivity, in this case a
short-lived activity called TRANSMUTATION,

or the changing of one element to another. A
nitrogen 14 atom is bombarded by an alpha
particle. It absorbs the alpha particle and is

very briefly fluorine 18. The fluorine 18 quickly

emits a proton, leaving a nucleus of 8 protons
and 9 neutrons, which is oxygen 17, a stable

0

isotope.

BLOUNT

SYMBOLS

RALF Wit

Uranium

00238

4.5 x 109 years

a

Thorium

gon234

24.1 days

15, 7

ProtacUnium

91pa234

1.14 minutes

0, 7

2.35 x 105 years

a

Uranium

82U234

Thorium

90Tb230

8 x 104 years

ct, 7

Radium

obi2211

1812 years

a, 7

10022

3.025 &LP

a

Polum
oni

p0218
84

3.05 minutes

a

Lead

82P9214

20.8 minutes

Radon

Polonium

Lead

There are three families of naturally radioactive elementsuranium (fig. 12-8, the uranium
series), thorium, and actinium. Each of these

families has a separate isotope. of lead as a
final product. These isotopes disintegrate or

0, 7
5, 7

1.5 x 10 -4 see

a

n210

1.33 flatmates

S

pb210

22.2 years

0, 7

4.97 days

0

a

84P°214
81

82

Bismuth

.

19.7 minutes

81114

Bismuth

Thallium

RADIOACTIVE SERIES DECAY

RADIATION

83111210

Polonium

100210

138 days

Lead

(0Pb298

stable

:A

144.62

Figure 12-8.Table of the uranium series

decay in a definite series of steps, until a stable
end product is finally formed. At each step in
this process, either an alpha or a beta particle
is emitted from each reacting nucleus; in some

Alpha Radiation

uranium.

It has already been noted that alpha radiations are positively charged and have relatively

of these processes gamma rays are emitted.
Figure 12-8 shows the steps in the decay of

of decay.

little penetrating power.

NITROGEN -14

OXYGEN -17

NEUTRON

Due to the Wive

positive charge of an alpha particle (+2), it has
a strong attraction for electrons. Alpha particles passing through a material tend to strip
electrons from the atoms in-this material.

At first the alpha particles are traveling

O PROTON

too fast to capture electrons. But while slowing down, or after stopping, the alpha particle

FUJORINE-113

gains two electrons and becomei a stable

HYDROGEN

1

(PROTON)

ionizing radiation found in natural radioactivity,

c.

5.41

.

Figure 12- 7.Artificial or inducted radioactivity.
A. Bombardment of ,a nitrogen 14-.atcim with an

'alpha 'particle; B. The :alpha particle' is momentarily !absorbed; forming fluorine 18; C: One .
rprOtint east off; leaving ioxYgen;17:. ;
...;
S

id

440

4toro'

Iki3Okstx
w..,r

helium 4 atom. Although the fast' alpha particles do not capture electrons, they are able
to strip them from atoms of the material they
pass through, so that positive ions remain in
their path: Alpha particles are the mostheavily

and can produce as many as 70,000 ion pairs
itioneventimeter of travel.
Beta Radiation
.
:
You .will:recit117,that.,beta radiation is characterized by a negative charge. Further analysis
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shows that beta particles have the same charge a positron (a particle with the same
as the
and mass as electrons; thus they were identified electron but with a positive charge). mass
(See figure
as high speed electrons of very high energy. 12-6B(c).) Energy-mass transformation is
Beta particles also have the ability to ionize represented by the equation E = mc2. The mass
atoms in material through which they pass; but of each particle is 0.00055
One amu is
because of the difference in size and speed, convertible to 931 Mev. Usingamu.
E = m x931, the
their ionizing ability is approximately one minimum energy required for pair production
is
one-hundredth that of an alpha particle. The (2) (0.00055) (931) = 1.02 Mev. It hasbeenfound
beta particle travels faster than the alpha par- that energy cannot be converted to mass unless
ticle, and therefore is more penetrating.
the nucleus is present to conserve momentum.
There is another phenomenon called inverse pair
production or ANNIHILATION. This occurs
when a positron and an electron react to form two
photons of 0.5 Mev each.

Gamma Radiation

The loss of an alpha or beta particle sometimes leaves a radioactive nucleus with an excess quantity of energy, which it emits almost
immediately as a gamma ray. This radiation
is different from the other types in that it is
electromagnetic in nature. Since gamma rays

have no charge, they are unaffected by magnetic
or electric .ffelds (fig. 12-6). Their ionizing

ability is much less than that of either alpha
or beta radiations, although they have much

greater penetrating power.
Because gamma rays have no charge, and
are electromagnetic in nature, you might expect that gamma interaction with matter would
be impossible. This is incorrect, however,
because . gamma rays are able to interact in
three. separate waysby the photoelectric effect, by the Compton effect, and by pair production.
PHOTOELECTRIC EFFECT.Under certain
conditions, . a gamma ray can physically collide
with an orbital electron. The electron is then
ejected from the atom after absorbing the gainina
ray Completely (fig. 12-6B(a)), causing ionization. Photoelectric ionization by gamma rays is
primarily .a low energy interaction, and falls off
rapidly with an increase gamma energy. The
greatest probability of the photoelectric effect
occurring -is in the higher Z numbered atoms
and low energy gamma rays. The gamma rays
emitted from the outer shells of atoms are of
lower energy then those from the inner shells.
COMPTON EFFECT..In this interaction,
only part "of...ther ganima ray. lwabsor.b.edbY the
electron. The gamma raY...suffere.a loss'. of
energy: and is. scattered. as itionizeOhe atom
(fig: 44E04.. Thia effect is maintained at higher
energies than the- phOtOelectric:effeet, but drops

off :raPidlY..-;in.- much the Same .Manner.
;
PRODUCTION.
high- energy

When't

&Mina -.ray painies'.neara nucleus ; ..it can change
.: from:electromagnetic.energy.intd,aheleCtron-and:

Neutron Radiation

.

The dangers from alpha, beta, and gamma
radiation have become well known. Another type
of radiation hazard is presented by neutrons.
These are usually found in dangerous numbers

around nuclear reactors or in deposits of fissionable material. Neutrons are neutral particles with a mass slightly greater than that of
the proton, about one amu. Since neutrons are

uncharged, they cannot ionize atoms by attracting
negative or positive particles. However, neutrons do cause ionization by indirect means.
This secondary ionization may be produced by a
recoil mechanism wherein a neutron collides
with a proton (the nucleus of thehydrogenatom);

the proton will then produce ionization as it
moves through matter. This recoil mechanism

is important because the huinan body is largely

made up of compounds containing hydrogen

(water being the most abundant).
Neutrons are both a cause and a result of fission and fusion reactions. They do nottravelfar
because they are either quickly captured or un-

dergo decay, which results in the release of
radiation. Their range of travel depends on their
speed; there are both fast and slow neutrons.
HALF LIFE

The spontaneous emission of radiation from
radioactive material is a gradual process. It
takes place, over a period of time, at a rate de-

pending on the nature and amount of the material.

A useful term for expressing the rate of radioactive decay is HALF LIFE. The half life is the
time required for one-half of a given amount of a
radioactive isotope to decay: Again, this is a
statistical term based upon, a very large number
of atoms. As Gong as we have a large number of
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atoms of a radioactive isotope, one-half of these

atoms will decay in one half life, so that

eventually only a small fraction of the original
isotope remains. If a given number of atoms of a
particular radioactive isotope is allowed to decay
for one half life, only 50% of the original isotope
will remain. If allowed to decay for another half
life, only 25% will remain. Likewise, during each
additional half life of decay, one-half of the remaining atoms will decay (fig. 12-9).
Half life can be expressed in any convenient
time units. The half lives canbe found in suitable
tables or nuclide charts. Some typical examples

of half lives are:
U238
92

Rate of decay is very important when consid-

ering safety. It is this measurable feature of
decay that makes it possible to reoccupy areas
that have been contaminated by radiation from an
accident or the debris from a nuclear explosion,

after waiting for the radiation to be reduced by
decay. After a few days or weeks (depending on
the type of radioactive material), too few of the

radioactive atoms are left to do much harm.

Some of these atoms, of course, remain radioactive for years.
HALF THICKNESS

alpha emitter: 4.51 x 109 years

Po210 alpha emitter: 138.4 days

94Pu2 39 alpha emitter: 24,300 years
38Sr90

Practical Application

beta emitter: 28 years

When a nucleus undergoes radioactive decay,
it is attempting to reach a more stable state, but

the new nucleus that is formed may, also be

radioactive. In fact; a whole chain of radioactive
"daughter" nuclei may be formedbefore a stable

nucleus is finally reached. There are many

chains of radioactive isotopes of this type. See
figure 12-8 for the uranium series.

As has already been mentioned, radioactive
substances emit particles and rays that produce
ionizing reactions in previously normal atoms
or molecules. Under competent control and
proper safeguards, radiation can be harmless,

as when a hospital corpsman makes a chest

X-ray. It can even be a power for good, as when
a surgeon trained in radiology destroys cancerous cells without damaging much of the patient's
normal tissue. But out of control, or without

proper safeguariet radiation can be one of the
great hazards of our time.
It wad previously explained that alpha particles have low penetrative power. Ordinary
clothing, or even unbroken skin, will prevent
them from entering the body from the outside.
The only way one can suffer much ionization
damage from alpha particles isby eating, breathing, or otherwise taking into the system, some

THE HALF LIFE OF A RADIOACTIVE
SUBSTANCE IS THE TIME REQUIRED
FOR HALF THE ATOMS IN A GIVEN
MASS TO DECAY

50 %
ORIGINAL

25 %
OF

ORIGINAL
PROTAC .

TIN I UM

PROT AC

TINIU M

AFTER

34,000
YEARSF.

,12-9.=The principle of half life.
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radioactive isotopes that will become lodged in
the body and remain there through a series of
half lives.
Beta particles traveling in air are effective

within about 10 feet of their source. Denser

substances, like wood or water, limit their

effective range to about a thousandth of its value
in air. Normal clothing gives substantial (though
not complete) protection against beta radiation.
It is, however, the gamma rays produced by
all radioactive decay, and the free neutrons that

RADIATION UNITS

In order to discuss the effects of radiation
damage quantitatively we must have a unit of
radiation. The basic unit for the activity of a
radioactive substance is the CURIE. This unit
establishes the activity (that is, the decay rate)
of radium as the standard with which the activity
of any other substance can be compared.

By tieing a formula that takes into account
the number of atoms per gram and the value of
characterise Manmade nuclear reactions, that half life in seconds, scientists have determined
are grave threats to health and life. Nuclear that the activity of radium is equal to 3.7 x 1010
power plat .4 must be shielded to protect the op- nuclear disintegrations per gram per second.
erators Ann other personnel from these radiation
Slue is then a unit of comparison.
hazards.
k ale of any radioactive substance, thereAlthough gamma radiation is never com- fore, is the amoqt# of that substance Alia will
pletely absorbed in passing through matter, produce 3.7 x 10" disintegrations per second.

absorption can be discussed in terms of half For example, it would take 6,615 pounds of
thickness. This is the thickness of a shielding natural uranium to produce one curie. In the
substance necessary to cut the radiation intensity manufacture of radioactive isotopes for medical
in half. As figure 12-10 shows, the half-thick- and industrial purposes, the curie is too large
ness varies from one shielding substance to a unit for convenient use. A commonly used
another. -It also varies with the type of radia- submulttple of the curie is the microcurie,

tion (neutron or gamma)that is under consideration.

3.7 x 10' disintegrations per second.

At the opposite extreme, the curie is too
small a unit for measuring the high-order

activity produced by a nuclear explosion. For
this purpose the megacurie (3.7 x 1016) is used.
Since radiation is detected by the ionization
it produces, and since its effects on organisms
are.due to ionization, one wayto measure radiation is by the amount of charge it produces in a
given volume or mass. For this purpose a unit

THE HALF THICKNESS
QF A MATERIAL IS

TM THICKNESS THAT
CUTS INTENSITY IN
HALF

called, the roentgen is used. A roentgen is
defined only for gamma or X-radiations. It is
the amount of X-ray or gamma radiation required to produce by ionization one electrostatic unit (eau) of charge in one cubic centimeter of air at standard temperature and
pressure.
In the Radiation Health Protection Manual,
NavMed P-5055, a roentgen is defined as "That
amount of
or .gamma radiation which will
produce 2.083. X .106 ion pairs in 1 cc of air
under....stande;;d. ionditiOns. One roentgen of
X-. or, ,gamma .. radiation. is considered to de-

STEEL

.

CONCRETE

liver one.Rad".,(radiation absorbed dose.)

A rad .is,the. absorption of 100 ergs/gram

.

,

w00°

GAMMA RADIATION

;.1
WOOD
NEUTRON RADIATION

1n:whatever material is under diecutision. Note
that for . this Unit 'the., type ..of. material must be
specified...
allows, far
a.clistinction between. such things as soft tissue and bone.
the ..roentieh: is the., measurement of
,

5.43

igUre,127l0.TVpical eXamplecof relative
'kali thickness.. .
.

,

or gaisma-tadiation :we need.a term. for
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alpha and beta radiations, as these particles sensitive to radiation; therefore the cells which
also cause ionization. The proper term for divide the most rapidly are the most sensitive.

You can classify cells into least sensitive and
A rem is the quantity of ionizing radiation of most sensitive types. The most sensitive are
any type which, when absorbed by man or some those of bone marrow, lymph glands, hair folother mammal, produces a physiological effect licles, and skin. The least sensitive are those
equivalent to that produced by the absorption of the bones, nerves, muscles, -and brain.
All this seems somewhat intricate, but it is
of one roentgen of X- or gamma radiation.
There is another factor which is used by the necessary fOr a discussion of the effects of
Bureau of Medicine and Surgery to obtain a quan- radiation on living matter. The effected radiathis is the REM (roentgen equivalent mammal).

tity which equates to a common scale the

biological effectiveness of any type of ionizing
radiation to which an individual is exposed. This
is the Quality Factor.
For X-, gamma, or beta radiationthe quality
factor is 1

For neutrons of unknown energy, and protons,

the quality factor is 10, that is, a given quantity

of neutrons would cause ten times as much

bodily damage as the same amount' of gamma
radiation.
For ionizing particles heavier than protons
the quality factor is 20.
The Human Body

The, human body is made up of many different

systems, such as the respiratory system and the
digestive system. These systems are further
divided into organs, which in turn are made up
of tissue. Although tissue may differ from organ

tion exposure also depend on how fatitthe radiation is delivered. If it is delivered slowly, the
body has time to repair some of the damage. For
example 1,000 roentgens delivered in afew seconds would almost inevitably prove fatal within

a month, but the same amount delivered uniformly over a lifetime would produce relatively
little effect.
UTILIZING IONIZATION PHENOMENA

There are two terms commonly used in

discussing ionization phenomena. They are
dose and dose rate. Dose is the total quantity
of radiation absorbed by an organism during a
single radiation experience. Since the roentgen
and the rad are concerned with the charge per
unit of volume and the energy absorption per
unit of mass, the part of the organism involved
in a dose must be specified. For example, if a
1,000-rad dose were received in the forefinger,

to organ, there are remarkable similarities the effects would be quite different fromthose of
between tissues of different organs. Alltissues a 1,000-rad whole body dose.
By dose rate is meant a radiation dose per
are composed of cells. Because of difference's

in the response of various kinds of cells to

radiation, the biological effect of radiation on
different tissues will vary. Cells vary from
tissue to tissue, 'but they have many common
features.
Since radiation affects the cell, and
individuals are composed of a large number
Of cells,' yOU shOuld know something. of the
effects'otradiation on cells:

This could be expressed in
roentgens per hour (r/h), milliroentgens per
hour (mr/h), or rem/hour.
unit of time.

Radiation Detectors

Radiation cannot be detected by any of the
human senses. Instruments must be used to
detect the presenee of radiation. These instruments, called 'radiacs (Radioactivity Detection,
exceptio#
of
the
red
All Cells with the
Indication,
and Computation), are used to detect
blood cells hOe'Comnion.7.coniPonents inclUding
the niembiani,-cytOplatiik ..nUcleir:Meinbrancs, the interaction of radiation with some type of

and nuclenik(NOte that"iniClens"fitt'abiological matter.
Of the many ways that a particle or photon
"atomic nuelexii.). The
term here unrelated
of
radiation
can transfer energy to matter,
nucleus is the ,cotitiOlii#g'Oenter .' the :cell,
the
one
that
is
of concern here is IONIZATION.
radiation
and is the` part most
daMnge.:.':It'181.' well " kiitOw*that.#10 000' 10 In a Remember, that each time an ionizing event takes
repair;= Some place,: an ion pair is formed. This pair concontinUOile;:itite'
;into sists of a positively Ionized atom and a free
cells' arediliitliiiiile-,Otheri
.detectori.these free
two to iietolsee4*0411;3:p*iiig>,.*kikii0j,eitits of electron. '
ele'ctrions
are
bolleOted
on
a :'positive electrode.
ithrtii0O1 the, nucleus of the ce11`is particularly
.

1

I
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To collect the free electrons there must be an
electric field in the detector.
Figure 12-11 shows a basic radiac circuit.
Radiation interacts with the detector sensitive
volume (usually a gas) and gives a pulse of
electrons.. A power supply is needed to provide the necessary power for detector operation. The electronic circuits shown are amplifiers, multivibrators, and other standard
circuits. The output of the detector can be
displayed on either a scaler, or a count rate
meter.
Most of the radiacs in current use are designated as beta-gamma detectors, alpha detectors, or neutron detectors. Although most

positively charged electric field due to the protons already in the target nuclfras, the neutron

effectively does not "see" this electric field
since it has no charge of its own. W1n the

neutron comes within approximately 10"" centimeters of the nucleus, it will be subject to the
great cohesive (attractive) nuclear forces.

For the proton, or any other positively
charged particle, the above process does not
hold. The proton, for example, will encounter
a positively charged force field due to the protons in the nucleus. Since the proton is positively charged, the force field is repulsive in
nature. The repulsive field increases very
rapidly until the proton gets to about 10-13
of these instruments are designed to count centimeters from the nucleus. The cohesive
pulses, their output indication depends on the type attractive forces start acting at this distance
of radiation they are designed to detect.. Beta- and overcome the repulsive forces. The progamma instruments are calibrated in roentgens ton may then enter the nucleus. The effect is
per hour or milliroentgens per hour. Alpha as if there were a "wall" that the proton must
detectors are usually based on the number of penetrate. This "wall" is 'called a BARRIER.
radioactive disintegrations per minute that the The barrier ends approximately 10'12 centi-

material is undergoing, or counts of disintegralion per minute that are being detected.

meters from the center of the nucleus.

LAWS OF MASS-ENERGY RELATIONSHIP
NUCLEAR REACTIONS

In a nuclear reaction there. is usually a
bombarding particle called the INCIDENT PARTICLE. When the incident particle hits a

'nucleus at rest, this nucleus is:called the TAR-

GET. It a particle is emitted in the reaction,

this is the:EJECTED particle.

, The proton, neutron, electron, positron,

alpha particle, .and gamma ray all may cause a
nuclear. reaction. .
Neutrons,. when used as. bombarding 'particles, have very little difficulty in penetrating
.

into a target nucleus.

Although there is a

OR

POWER

SUPPLY

::14463

Figure 12 -11.- Basic radiac circuit

t-xe:

You no doubt have heard the expression
that nothing is wasted or lost in nature. For
hundreds of years, physics classes were taught
that matter can be changed, but not destroyed.
Burning a piece of wood changes it to smoke,
heat, and ashes. This is called the law of conservation of matter.
Another conventional law of physics is the
law of conservation of energy. This law states

that one form of energy can be converted to

another form, but the energy is not lost or

destroyed.
These two laws were the basis on which all
chemistry was built. The energy coming out of
radirActive substances such as uranium puzzled
the %dentistsit seemed that energy was being'
created. Albert Einstein worked out the answer ta,this puzzle by his theory of relativity.
He: showed that matter and energy are different

forms of the same thing. Matter can be destroyed, but energy. is:created. Einstein de-

clared (and proved mathematically) that mass
and energy.: are: -exactly- equivalentmass can
be,, converted to.. energy, and even; the reverse
is ,trueenergy can sometimes be convertedto
mass. It is the total -mass-energy of: the universe that remains. .constants Whewan atom is
split, some Of
ii:vhangidita energy,
that is, mass As destroyed to .produce energy:
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From this example you can readily see that
1.02 mev of energy was created from the con-

Chemical changes, as we have learned, in-

volve only the movement of the outermost
electrons of atoms, and therefore relatively version bf 18.22 x 10-28 grams of matter
little energy is used to make a chemical (.00110 amu).
change, freeing the electrons of one atom and
recombining them with the electrons of another atom. h:o form a molecule. The loss
of energy t., so small it cannot be measured
with any laboratory instrument.
The forces binding together the parts of nuclei are vastly stronger than the forces binding together the atoms of molecules. To break
these forceii requires a large amount of energy.

BINDING ENERGY; MASS DEFECT

The table of atomic masses ahowsthe proton,
neutron, and electron to have masses of 1.00759,

1.00899, and 0.00055 atomic mass units, re-

spectively. One might suppose that the mass of
an atom could be determined by counting the
number of neutrons, protons, and electrons, and
It is not entirely understood what forces hold the simply adding the masses of these basic parneutrons and protons together in the nucleus, ticles. Let's take a common isotope of fluorine,
but it is called BINDING ENERGY. Electrons 9F18, and see if this is true. This isotope has
are held in place by electrical force. The 9 protons, 9 electrons, and 10 neutrons. 9 pro-,

amount of energy that appears in a chemical tons would have a total mass of 9.06831, 9
change, such as the uniting of a carbon atom electrons would have a total mass of 0.00495,
with two oxygen atoms, is only a few electron and 10 neutrons would have a total mass of
volts. When an unstable nucleus emits radiation, 10.08990. The sum of the atomic mass units
the nucleus that remains weighs slightly less would be 19.16316. From the table of atomic
(that is, has leas mass) than the original nucleus. masses we find that the known mass of this
The small amount of mass that disappears is isotope is 19.00445 amu. The difference betransformed into the tremendous amount of tween the known mass and the sum of the
energy represented by the blast, heat, and radia- masses is 0.15871 amu. It appears that the
tion. This is the conversion of mass into fluorine atom is missing this amount of mass.
energy, the fundamental fact behind the entire This is not really an error, as it would seem.
When an atom is formed from the basic paratomic energy field.
The amount of energy that would be re- ticles, a certain amount. of mass disappears
leased by the disappearance of a given amount and Changes to energy, which is released in
of matter can be computed by applying Ein- accordance with Einstein's E = mc2. The
mass that is lost is called the MASS DEFECT.
stein's ecouktion:
Every different atom has a different mass deE = mc4
fect. The energy that is released when the
E is energy in ergs
atom is formed is called TOTAL BINDING
m is mass in grams.
c is Ihe velocity of light (3 x 10 centi- ENERGY. Conversely, this total binding energy
meters per second; when squared or multiplied is what is necessary to break an atom into its
by itself, this becomes x 1020, or 9 followed fundamental parts: protons, neutrons, and
by 20 zeros)
We can use the positron-electron annihilation process 'as an example of the conversion

electrons.
The binding energy of an atom can be de-

the speed of light ,is 9,x-1040, so
x:1048 z 9 z 1020 or
E in-ergs ='2
:E; =1'1:64 it 10'8 ;ergs
Since 'the, energy 'of gamma' rays= is given.in
'
electron volts; we)inust -convett ergs- to elec.;
trcin:iroltsi) One electron volt ib- equivalent to

constant"
E biog.

termined from the formula E = M x 931, in
of maim, to energy (the form Of energy is which E is the energy in millions of electron
gamma' "rays). The Amiss of, the positron and volts (Mev), M is the lost mass (mass defect)
eleetren is '9.11 .10'46 grams.' The square of in atomic mass units_ (amu), and 931 is the

1:60 x:1 Cr 12,2eiggi hence

L:;: r;'Ll30:4` 1A

:

ti

FA

This forniula. is t- derived from
It can be used to epatermine energy

release whenever mass disappears, as, for

exantple, in the isotope of ..fluorine discussed
The total binding energy would. be
above.
0:15871 x 931.= 147.75901 Mev, or Approximately 147.8 Mev.

important .factor in considering the stabilitiOf a nucleus is the average binding energy
per:: nucleon. This is 'simply'. the total binding
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energy divided by the number of nucleons in the
nucleus. The binding energy per nucleon in
the above example would be: 147.8/19 = 7.8

Mev per nucleon. This means it would take
approximately 7.8 Mev to remove a proton or
neutron from this atom.
Although total binding energy is larger for
larger nuclei, binding energy per nucleonvaries
as shown in figure 12-12.
Because of the strong nuclear bonds in the
nucleus, those with the highest binding energies

per nucleon are the most stable and the least
likely to undergo FISSION, the process of splitting a necleus into two lighter nuclei, or FUSION,
the process of combining two light nuclei into

a larger nucleus.

NUCLEAR FISSION

PIONEER. STAGES. During the late 1930's

scientists were conducting several types of
"atom-smashing" experiments. One of these
experiments involved the use of the neutrons
from the deuterium (heavy hydrogen) atom as
high-velocity bullets to bombard small quantities of uranium. This experiment produced
a result that even the specialists were reluctant to believe until all other possible explanations. had been tried and discounted. Some
of the uranium atoms had been split into almost
equal parts, to form new atoms of barium and
kyrpton.

The physicists could explain this phenomenon in only one way. The heavy uranium
nucleus taxes its binding energy almost to the
breaking point, much as an oversize dewdrop
taxes its surface tension. If all conditions are
favorable, a slight, sudden stab against the

dewdrop, or the impact of a single neutron

against the uranium nucleus, suffices to split
either into two nearly equal parts.
The startling experiment was repeated a
number of times, and the energy liberated by

the reaction was carefully measured.

The

energy per atom proved to be about 5,000,000
times that of burning coal. Here, then, was a
discovery that might have tremendous practical
importance, provided the fission reaction could
be sustained and controlled.
FISSIONABLE MATERIALS. An intensive
search for fissionable materials revealed three
substances with practical possibilities as nuclear "fuel." They are as follows:
U235' a uranium isotope constituting 0.7%
of natural uranium,
Pu239, an artifical isotope of an element

plutonium that is itself (for all practical purposes) man-made,
U233, an artificial isotope of uranium, de.

rived in a reaction involving thor-

ium.
NEUTRON PRODUCTION.

Free neutrons
are the major tools of the nuclear physicist.
They have the proper size and weight to invade
the atomic nucleus, and their electrically neutral character keeps them from being repelled
by the protons. For large-scale nuclear fission operations, man needs an abundant supply
of neutrons..
For laboratory purposes, the physicist can
bombard the atoms of a light element (boron or

9

.

7

beryllium, for example) with alpha particles
or gamma rays from certain radioactive isotopes, or with charged,particles from a cyclotron or other accelerator. All these methods
result in neutron einission.

3

In the practical production of radioactive

materials, he secures free neutrons by the

2

: 80 ; 40 60. 10
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nuclear reactions themselves. Studies of radioactive series . decay have. shown that some
fissions result in the freeing of at least one
neutron. '2Undei. proper control, the free neutrons cante put' to work.
CONTROLLING THE NEUTRON.In any nu-

clear reaction except a planned explosion, both
the production: rate and the speed' rate of free
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neutrons must be kept under control.

This

is an essential safety precaution.
When emitted from their atoms, some neu-

When a free neutron enters a moderator,
it collides with (but does not penetrate) one

nucleus after another, losing energy with each

trons travel fastat about 1/20 the speed of collision. Eventually it leaves the moderator
light. For some purposes, such as the splitting of the heavy but firmly bound nuclide like
U238, the high kinetic energy of fast neutrons

is required.

In other nuclear processes

including the fissioning,_ of unstable heavy nuclides such as U233t U435, and Pu239a much
lower neutron speed is desirable; fast neutrons
would simply pass through these nuclides, exciting them but failing to produce fission.
By control methods that will be mentioned

at a greatly reduced velocity.

Moderating materials can be designed to

serve as reflectors. These are layers or

structures that turn stray neutrons back toward
the parts of the reactor where they will serve
a useful purpose.
Substances that allow free neutrons to enter

but tend to hold them captive are called absorbers. These substances are used in the
safety shields and control rods that are reshortly, it is possible to decrease the speed of quired in all designs for nuclear reactors. If
neutrons to about 1/10,000 of the maximum unavoidably present where they are not depossible value. At this low speed, the kinetic sired, absorbing substances reduce efficiency.
energy of the neutrons is about equal to that of
a gas under standard conditions. For this reason they are called thermal neutrons.

The term slow neutrons includes thermal

neutrons, but is much less restricted in meaning.

NEUTRON REACTIONS.Not all emitted
neutrons behave alike. Frequently they cause
non-fissioning reactions, typical examples of
which are sketched in figure 12-13. The moderators and absorbers recently described are

To slow down fast neutrons, the designers deliberately used to produce non-fissioning
of nuclear reactors use substances or devices reactions. It is possible, however, for such
called moderators. Good moderating materials
are elements from the low end of the table of the
nuclides, and compounds formed from these
elements. Moderating substances include (but
are not limited to) hydrogen, carbon,beryllium,
ordinary water, heavy water (in whose molecule deuterium replaces common hydrogen),
and paraffin.

reactions to occur even within fissionable substances.

In elastic scatter (also called elastic collision) a neutron or other particle touches or

nearly touches the target nucleus, then bounces
away. No nuclear energy is released, though the

colliding particle may transfer some of its
kinetic energy to the nucleus.

INELASTIC
SCATTER

ELASTIC
SCATTER

CAPTURE

33.275

Figure 1243.Some non-fissioning reactions.
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In inelastic scatter, part of the energy
CHAIN REACTIONS.The two neutrons libof the collision excites the target nucleus and erated
fissioning in figure 12-14 may behave
causes it to give off gamma radiation. The in any by
of
the various ways that have just been
bombarding particle may merely touch the summarized.
If conditions are especially favtarget nucleus, or it may actually pass through orable to fissioning,
they may both produce
it as shown in the central part of figure 12-13. fissions.
Under
slightly
different conditions,
The reaction called particle ejection on one may cause fissioning and
one
bombardment resembles inelastic scatter, with tured. As long as any fissioning may be capreaction can be
the difference that one particle enters the nuc- traced back, step by step, to the
original fisleus and a different particle leaves it. Gamma sion, the process is a chain reaction.
radiation accompanies this reaction.
The term chain reaction is not the exclusIn CAPTURE a neutron (or, rarely, some
ive
property of the nuclear physicist. It may
other particle) enters the target nucleus and be used
describe any chemical or physical
stays there. This reaction, once again, ex- process to
in
the products of one stage
cites the target nucleus and produces gamma (sometimeswhich
called
a generation) act to produce
radiation. By the capture of a neutron, the the next stage.
nucleus changes from one isotope to another.
Chain reactions fall into three classes:
When the bombarding particle splits the nonsustaining,
sustaining, and multiplying.'
target nucleus into two smaller nuclei, as shown
A
nonsustaining
(or convergent) chain rein figure 12-14 the reaction is, of course, action comes to a dead
stop sooner or later.
FISSION.
Though omitted from this drawing In this reaction, too few products
for the sake of simplicity, the planetary elec- stages are effective in producingof the various
new stages.
trons of the fissioning nucleus are divided be- The process, therefore,
cannot
continue
very
tween the product nuclei when the new atoms long.
are formed. The result, then, is the producThe nonsustaining chain reaction shown in
tion of two lighter and often more stable atoms. figure
12-15 starts with one neutron as the
Since fissionable substances have a high initial fission
particle. This produces three
ratio of neutrons to protons, their transmuta- neutrons; 2 escape
and 1 causes a second fistion to medium-weight substances is usually sion. The
second
fission
produces 3 neutrons;
accompanied by the liberation of at least one 2 are captured by impurities,
1 escapes, and
spare neutron. This neutron is welcomed by the chain reaction stops.
the physicist, for it becomes a tool for posa SUSTAINING (or stationary) reaction
sible use in producing the NEXT fission. It is the In
gains
by new fissions exactly balance the
the emission of free neutrons that makes pos- various types
of losses. Consequently, as
sible a self-sustaining chain reaction.
shown in figure 12-16 the reaction continues at
a constant strength. . Figure 12-17 shows a
multiplying (or divergent) chain reaction. In
each generation, the reaction products (in this
instance, free neutrons) that are gained exceed
those that are lost. If conditions were especially favorable, the ratio of gains to losses
would be still higher.

14"

Figure 12-14.A representative

5.44

fission reaction.
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The nature of any nuclear chain reaction
depends, in part, on the purity of the fissionable material used. Impurities cause more
neutrons to be lost through scatter or capture.
The nature of the reaction also depends, in
part, on the mass and shape of the fissionable
material. Even for highly refined fissionable
substances, there are limits below which there
are too few atoms to support a chain reaction.
This bangs us to the problem of criticality.
A mass (in a given shape) that is just great
enough to support a sustaining chain reaction
is called a CRITICAL meas. A SUBCRITICAL
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Figure 12 15,,TExample of nonsustaining chain reaction.

(smaller than critical) mass will support only liberate two neutrons, and so on. The fissions
a nonsustaining chain reaction. A SUPER- would then increase by geometric progression
CRITICAL mass will support a multiplying (1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024,
chain reaction.
FISSION BOMB POSSIBILITIES.As a very

necessary safety precaution, the masses of
fissionable material present in a nuclear bomb

must be kept subcritical until time for the

2048, 4096, and so on).

The eighty-first step of this process results
in 2.5 x 1024 fissions enough to transmute a
kilogram of refined uranium. The time required
for the 81 steps is 1/108 second. These are
the types of numbers that had to be considered
.

bomb to be detonated. Then a supercritical
mass must be formed very rapidly. One way in the design of, the Hiroshima bomb.
UTILIZING SUSTAINING REACTIONS.
of producing a supercritical mass is by forcing
two or more subcritical masses together. An- When "atomic fuel" is used to produce power
other way is to squeeze a subcritical mass as in some ships now in commission, other
tightly into a new shape and/or a greater den- ships under construction, and certain experi-

sity that becomes supercritical without the mental electric plants ashorea sustaining
type of chain. reaction is required. Neutron
addition of any more substance.
In a weapon, an efficient, xapicily multiply- production must not be allowed to get out of
ing chain reaction is essentikl. Ideally, no control; neither, must it be allowed to die out.
The designers of nuclear reactors must
free neutron should be' lost to the process. If
the first fission produced two free neutrons, face and solve many problems related to the
each of these neutrons should produce two production of an efficient, controllable chain
more fissions, each of which, fissions should reaction. These problems are beyond the
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Figure 12- 16. Example of a sustaining chain reaction.

scope of this chapter, but are discussed
texts on nuclear power engineering.

in

.

Other problems center about the safety
factorsboth for the equipment itself and for
the people who operate it or live near it. Even
the disposal of waste products must be carefully planned to avoid present and future dangers.
NUCLEAR FUSION

144.86

of one of the nuclei. Because protons repel one
another, thus tending to keep the nuclei containing them apart, the single-proton hydrogen
nuclei would seem to be the most promising
materials for the fusion reaction.
Because they have no neutrons, two atoms

of ordinary hydrogen cannot fuse to form a
heavier element. Deuterium or heavy hydrogeu,,
with one proton and one neutron per atom, is

more promising. Experiments have shown that
two atoms of deuterium can fuse, producing an
As briefly mentioned before, fusion is the atom of tritium (radioactive hydrogen)
plus an
merging of two light nuclei to form a heavier atom of ordinary hydrogen.
Alternatively, two
one, with an accompanying conversion of mass atoms of deuteriuga can react
to produce the
to energy. For reasons that will be mentioned helium isotope .9He° plus
a
free
neutron.
Either
soon, fusion reactions are oftei called THER- reaction liberates nuclear energy.
MONUCLEAR reactions.
..A.
Any tritium produced by
SUITABLE SUBSTANC ES.In order to fuse, with, deuterium to produce thefusion can react
two nuclei must come very close together with 2Heaa plus a free neutron. This helium isotope
reaction again
enoughkinetic energy to break the binding force releases nuclear energy.
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Figure 12-17.Example of a multiplying chain reaction.

container is vaporized by the reaction; this is

Deuterium, then, is an effective source of
energy, provided it can be made to fuse at all.
To achieve fusion, a very high value of kinetic
energy must be expended in forcing any two
deuterium nuclei to unite. In laboratory experiments, artificial acceleration of nuclear particles has produced enough energy to initiate
small-scale fusion reactions. Mechanical acceleration of particles, however, is not feasible
in nuclear weapons, nor is it Itdaptable to industrial energy production.

suitable for a weapon.

Fusion weapons, then, are really fissionfusion weapons, in which fission occurs first

and acts to trigger the still greater fusion

reaction. Because heat provides the kinetic
energy necessary for their functioning, fusion
weapons are sometimes called THERMONUCLEAR weapons.

Thus far, heat has proved to be the only form

of kinetic energy capable of initiating a fusion
reaction large enough to have practical applications. Temperatures comparable to that of

the sunmillions of degrees Centigradeare
required. A. multiplying fission chain reaction

produces these temperatures. Naturally the
.
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FUSION AND FISSION COMPARED.Both
fusion and fission liberate nuclear energy. The
two reactions differ in several respects.
One aspect, the means of initiation, has already been discussed. Fission results when
a supercritical mass of suitable heavy material
is rapidly formed. The reaction occurs auto-

matically as soon as the free neutrons, al-

ready present in the fissionable material, are
supplied with a large enough number of atoms
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to support the process. Fusion does not occur
automatically; it must be initiated by the application of extremely high kinetic energy to
suitable light substancesnamely, deuterium
and tritium.

struction, therefore, is possible with fusion
weapons.

Fission produces a large number of RADIOACTIVE PRODUCTSgamma rays, nuclear par-

ticles, and isotopes of various middle-weight

There is a practical limit to the size of a

elements. Some isotopes decay in a short
time. Others have a long half life and can remain dangerous for a comparatively long tim.

fission weapon and, therefore, to the amount of

energy that can be released by this reaction.

If- a weapon contains more than a limited number of subcritical masses of fissionable ma-

A few long -lived isotopes, including strontium vu,

tend, if they enter the body at all, to become
lodged in the bones. There they can cause

terial, it becomes unsafe to handle and transport. No such limit is placed on the amount

radiation damage over a period of years. Fusion, on the other hand, has tritium as its only

of heavy hydrogen a fusion weapon can contain;

this weapon may be as large as the available
launching devices permit. Much greater de-

radioactive product, and the tritium is itself

fused with deuterium to produce stable helium.
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CHAPTER 13

PRINCIPLES OF NUCLEAR WEAPONS

AND THEIR HANDLING
critical condition until certain sequential steps
have been accomplished; this ensures that there
can be no spontaneous nuclear detonation. The

INTRODUCTION

SCOPE

importance of the critical mass must be emphasized. It is this inherent feature of the nu-

This chapter will discuss hypothetical fission
and fusion weapons, and will make some com-

parisons between the two- types. The classification of this publication prevents the descrip-

clear weapon which makes its operation unique
among weapons. In fact, it is the requirement
that criticality must first be attained that makes

The emphasis will be on underlying principles,

nation's defense stockpile.

tion of specific mark and mods of nuclear the nuclear weapon the safest weapon in the
weapons, but a general description willbe given.
rather than on design details and operational

In this course it is neither desirable nor

sequenCes.

to cover all the details of nuclear
Like the assembled weapons, the fuzes and permissible
weapons. However, some basic knowledge of
other nonnuclear parts of nuclear weapons will how they operate is considered essential. The
be covered without reference to specific Service essentials for a practical nuclear weapon condesign.
sist of the following:

The latter coition of this chapter will discuss
the basic organization of the nuclear weapons

a. A sufficient quantity of fissionable material to produce the desired energy release.
This material is in a subcritical state prior to

field, and some of the problems related to the
use and handling of nuclear weapons.

the firing sequence of the weapon.
b. A system for bringing these subcritical masses to supercriticality at the desired

IMPORTANCE

The Navy has a wide variety of officer billets.

Many of these billets are indirectly related to time.
c. Conventional requirements for any weapon
weaponry. All present officer billets, however,
are concerned with security, safety, defensive which would include a power source, fuzing and
measures, and, whenever necessary, disaster firing circuits, a means of control, and monitorrelief. AU of these officer responsibilities are ing.
d. Safety and sating devices.
graver and more complex, now that nuclear
warfare has become a part of the Navy. Whether

or not he expects ever to be directly in charge
of any phase of the nuclear weapons program,
every young officer needs such information as
he will find in this chapter and in other nonclassified summaries.
FISSION WEAPONS

As in conventional weapons, nuclear weapons

require fuzing devices to detonate them. These
fuzing devices consist of: Barometric pressure
switches sometimes called Hams; internal

timers, toth electric and mechanical; sensing
radars. hydrostatic pressure switches, commonly called hydrostats; and contact crystals.

Some weapons have more than one type of fuzing

built into them and, therefore, have a fuzing
option. The control crystals may be used as a
It must be remembered that the nuclear backup device to preclude the possibility of a

GENERAL REQUIREMENTS

material in a nuclear weapon is always in a Sub.'.
.
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Fissionable Material

much as a tennis ball bounces from a solid

As mentioned.in chapter 12, .fissionable ma-

terial for use in nuclear weapons consists of

object. This also increases the efficiency of the
weapon.

suitable isotope of uranium or plutonium. When

Achieving Criticality

in size and shapeis very rapidly formed, a high
order multiplying chain reaction automatically
begins. If the design features of the weapon
permit this reaction to continue, a powerful
explosion will result.
If the design features do not favor a rapidly
multiplying chain reaction, the fission will produce only a low order explosion; the weapon may
even be a complete dud. In view of the tremendous cost of fissionable materials and the military importance of the targets at which fission
weapons are directed, it is important that these
weapons perform reliably. This section covers
Some of the practical problems that have been

The means of achieving criticality depends,
among other things, upon the total mass of fisstanable material present. If there is just enough

a mass of one of these isotopessupercritical

met and resolved by the designers of fission
weapons.

mass present to produce a sustaining chain
reaction, it is said to be a critical mass. If less
mass were present, a subcritical mass which

will only maintain a nonsustaining chain reaction
results. A multiplying chain reaction is sup-

ported by a supercritical mass.

Some of the means used to increase criticality

are:

1. Purifying the material chemically to

decrease the possibility of capture.
2. Enrichment of the fissionable material;
for example, increasing the amount of uranium
235 compared to uranium 238.

3. Surrounding the material with a high
density material which will reflect escaping

Confining the Reaction

The presence of stray neutrons in the atmos-

phere makes it impossible to prevent a chain
reaction in a supercritical mass of fissionable
material. It is necessary that, before detonation
the weapon not contain any fissionable material
that is as large as the critical mass for the
given conditions. In order for an explosion to

occur, the material must then be made super-

critical within a very short time. Extreme

neutrons back into the material.
4. Increasing the density of the fissionable
material, which also reduces the escape probability.

5. Using shapes with a minimum surfaleto-volume ratio to reduce kieutron escape (a
sphere would be ideal).

There is one other method that is used to
some extent. This is by bringing two subcritical masses together, thereby increasing the
surface-to-volume ratio.

rapidity is necessary, because if the chain
reaction were to be initiated by stray neutrons GUN PRINCIPLE

before the fissionable material reached its

One of the methods by which subcritical
most compact form, a relatively weak explosion
fissionable material can be brought to criticality
would occur.
is used in GUN type nuclear weapons (fig. 13-1).
Obviously a nuclear reaction cannot be con- In this type two separated subcritical masses
tained for very long. Yet this reaction must be are brought together to make a supercritical
confined until it has gained so much momentum mass. Essentially this is attaining criticality
that it will produce an explosion of maximum by increasing the quantity of fissionable mapower.
terial.
One way to confine the fission reaction would
The two subcritical masses of active mabe to use a high density material to provide terial are separated sufficiently so that there
is
inertia, which would delay expansion of the ex- no possibility of a chain reaction developing; and

ploding material. This material acts like the hence no nuclear detonation. At the desired
familiar TAMPER in blasting operations. In instant, two: events take place. First, the two
addition to its primary function of confining the subcritical. masses are brought together in a
nuclear reaction during its early stages, the very short interval of time to form a supertamper also acts as a REFLECTOR from which critical mass. This is accomplished by means
neutrons, bounce back into the reacting mass of firing conventional propellants which shoot
291
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In this type of nuclear weapon, criticality is not
achieved by adding more material, but by squeez-

SUBCRITICAL ACTIVE
MATERIAL TARGET

ing the subcritical mass into a smaller volume
by means of tremendous pressure. This in-

SUBCRITICAL ACTIVE MATERIAL
PROJECTILE
PROPELLANT

creases the density and thus the criticality of the

fissionable mass. The pressure applied to

1

squeeze uranium or plutonium into a smaller
volume is developed by detonating high explo131708 in such a way that the pressure wave
moves inward. In other words, by implosion.
It is important to note that for a full scale
nuclear detonation to take place, the implosion

GUN BARREL

NEUTRON REFLECTOR
TAMPER

144.68

Figure 13-1.Idealized gun type weapon.
the subcritical projectile mass through a type of
gun barrel into and in contact with a subcritical
target mass. When these two masses reach

supercriticality, a nuclear detonation results.
Second, by surrounding the target mass with a
suitable tamper, it reflects neutrons back into
the active material, increasing the reaction,
and holds the active material together just a

wave must move inward from all directions. To
ensure this happening, a number of detonators
are imbedded in the high explosive and all must
detonate at the same instant.
When the explosive is detonated, a smooth

shock wave moves inward against the sphere
of active material, striking it with equal force
at all points. As a result of this compression,
the material is increased in density and a
multiplying chain reaction automatically begins.

little longer, so that the enormous pressure built
up increases the effectiveness of the explosion.

NEUTRON SOURCES

IMPLOSION PRINCIPLE

first generation of free neutrons in a fission

A question may arise as to the origin of the

weapon.

Another method by which suberitical masses
can be brought to criticality is the basic design
of the implosion type nuclear weapon (fig.13-2).

One neutron source is the uranium or plutonium as originally assembled in the weapon.
Even in subcritical masses, these radioactive

AIRCRAFT INFLIGHT I
MONITORING 9 CONT.

ACTIVE
SAFING DE-

POWER

SUPPLY
BATTERIES

VICES
PULLOUT
SWITCHES

SAFE
SEPARATION
DEVICES

FUZING
BAROS

ATERIAL

RADARS

INTERVAL
TIMERS
HYDROSTATS

FIRING
DEVICES

CONTACT

SAFING
RELAYS

144.69

Figure 134.Idealized implosion type weapon.
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substances undergo a small amount of spon- (for the sake of simplicity) we can regard as the
taneous fission that results in the release of target; the other is in the nucleus that we can

free neutrons.
The designer of nuclear weapons, however,
wishes to be absolutely certain that an abundance
of neutrons will be available for use as soon as
the mass becomes supercritical. Therefore he
places in or near the fissionable material a

regard as the projectile. The projectile nucleus
must be impelled with enough kinetic energy to
pierce the nucleus of the target, in spite of the
repulsive forces that act between the two protons or sets of protons.
The energy requirements do not have to be
guessed; for the various combinations of target
and projectile nuclei, they can be computed by

special capsule called the INITIATOR.

This capsule contains two substances. One
could be a reliable alpha emitter such as po-

standard formulas of nuclear physics. When
the United States began in earnest to develop

lonium or radium; the other .7 light element such

as beryllium. When the light element is bom-

a nuclear weapon, the fusion reaction was

barded with an alpha particle, neutrons are

ruled out as being unlikely of achievement, on

emitted. The capsule is carefully designed to
prevent any premature neutron development.
The same mechanical impulse that forms the

a practical scale, by any means available to
man.
After fission detonations had been
achieved and their effects had been studied,
however, the physicists began to suspect that
the thermal energy released by a fission reaction might possibly be adequate to start a

supercritical mass shatters the initiator and
makes emitted neutrons available to start the
multiplying chain reaction.

fusion detonation.
A fission explosion

reproducesbriefly
and in small space intensities of light and

FUSION WEAPONS

heat comparable to those in the sun. A fusion
explosion does still more; it duplicates a part

PRELIMINARY

of the actual process by which the sun and
OTHER stars produce their light and heat.
This process is not a chemical burning reaction; it is a nuclear fusion reaction in which
four nuclei of simple hydrogen become one

As explained in chapter 12, nuclear energy
is released not only by the splitting of heavy

nuclei (the fission reaction) but also by the
joining of light nuclei to form heavier ones (the
fusion reaction).
FUSIONABLE MATERIAL is the material

nucleus of stable helium, with a conversion of
mass to radiant energy. The next article will
summarize the solar cycle.

with low atomic numbers which produces nuclear

energy by the fusion of nuclei. The low number
atomic nuclei have lower binding energies than

uranium or plutonium.

SOLAR FUSION CYCLE.Man has

reproducedon small scale under laboratory
conditionsthe six-stage process by which,
according to the currently accepted theory,

Upon hearing this

statement for the first time, one might question
quite justifiably why fusion weapons were not
developed first. The reasons are several; but

the main reason is the amount of initiating
energy required.

Energy Requirements

Neutrons, the particles used in producing
large-scale fission reactions, possess the advantages of electrical neutrality. To cause
fission, a free neutron has to pierce the binding

energy of a heavy nucleus that is already in
unstable equilibrium, but it does not have to
overcome any electrostatic repulsion.
When two light nuclei fuse to form a heavier
element, at least two mutually repellant protons
are involved. One proton is in the nucleus that

the sun "burns hydrogen as fuel." The process
involves carbon, which undergoes a series of
transmutations as it captures one proton
(hydrogen nucleus) after another, then suddenly
emits all the captured hydrogen (now fused into
a single helium nucleus) and regains its original identity. Figure 13-3 shows the sun's continuously repeated cycle.
In the first stage simple carbon (C12) fuses
with hydrogen (Hi), with an accompanying release of radiant energy representing the mass
lost in the fusion. A similar fusion and release

of energy take place in the third and fourth
stages. In the second and again in the fifth
stage, the constantly growing nucleus emits a
positive electron; this means, in each instance,
that an excess negative charge remains on the

nucleus and, in effect, converts a captured
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proton to a neutron by counterbalancing its

simply a helium nucleus. The carbon has
merely acted as a catalyzing agent to briig

positive charge.
In the sixth and final stage a fourth proton
is captured. If the previous pattern were followed, the growing nucleus would emit energy

four hydrogen nuclei together and hasten their
fusion into heliuni. This is the cycle by which,
for its millions of years of existence, the sun
and become simple oxygen (016); but this has been heating and lighting our solar system.
doesn't happen. Instead, the nucleus becomes The astrophysicists estimate that enough Irvviolently excited and emits all four of the drogen remains to keep the cycle going for ten
captured particles, thus regaining its original billion more years.
identity as simple carbon.
By the time of emission, the four captured FUSIONABLE MATERIALS
CHOICE.In the sun, then., hydrogen and
protons (two of which, as already noted, have

been converted to neutrons) have achieved

carbon nuclei take part in a revolving, self-

identity as an alpha particle, which is, of course,

perpetuating process in which carbon becomes
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Figure 13-3.Fusion in the sun.
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nitrogen and oxygen isotopes, and then reverts (millions of degrees) and are referred to as
to carbon when alp the captured hydrogen fuses thermonuclear processes; thy, c i!:e term "Therinto helium. In designing the first fusion monuclear Weapon," or TN
weapon, the physicists decided against trying
to reproduce the carbon-hydrogen cycle.
Fusion Sequence

The reason was a practical one. Through
not complex, the carbon, nitrogen, and oxygen
The first explosive reaction in a TN weapon
nuclei involved in this cycle have higher bind- is the detonation of a conventional high explosive
ing energies than the two hydrpgen isotopes or the burning of a conventional propellant. As
deuterium. (1H) and tritium (111'3). Since the a result, the mass of uranium or plutonium
problem of supplying adequate initiating energy becomes supercritical, and fissionbegins. When

was known to be difficult at best, it seemed the temperature becomes high. enough, fusion of

wise to choose the simplest reagents possible.
The reagents must have both neutrons and protons; this requirement ruled out ordinary
hydrogen, but not deuterium and tritium.
PRACTICAL FUSION REACTIONS. As
mentioned briefly in chapter 12, two deuterium

nuclei can fuse in either of two ways, as
follows:
1

H2 +

1

H I.-1

H1 + H3

1H 2. + 1H 2

1

3

originates in roughly equal amountsfrom fission
and fusion processes.

energy, and

WEAPON COMPARISONS

+ neutron + energy.

A fusion weapon can, then, be based

on

deuterium. The tritium produced in one of the
two possible deuterium fusion reactions is the
radioactive hydrogen isotope identified as H3

in figure 12-5. It does not become an end
product, but rather enters into the fusion re-

action by combining with deuterium, as follows:
H2 +

1

3-01

the deuterium (or deuterium and tritium) :mato
begins. Aa the fusion reaction progresses and
the heat intensifies, other nuclear reactions may
take place. The liberated neutrons may cause
fissions that would not likely occur k lower
temperatures. In general, the energy released
in the explosion of a thermonuclear weapon

He4 + neutron + energy.

2

In the fusion weapon, then as in the sun
hydrogen becomes helium, with a release of
energy.
As a fusion reaction progresses and the heat
intwusifies, other nuclear reactions may (and
sometimes do) take place. It is possible, for

example, for the neutrons liberated during

SIZE

When you studied ene ,;::..e.ert*...k types of

weapons in use now and in the 'recent. past, you
found that the yield of fission weapons was in
the kiloton range, while that of fusion weapons
was in the megaton range. A fusion bomb can

be many times more powerful than a fission
bomb. A fieision bomb is limited in size because the nuclear material must be no greater
than the subcritical size. It would not be safe
to handle or store if the amount of fissionable
material in it were greater..
Fusion weapons are not limited in this way.

It is no harder to detonate a large amount of
deuterium or deuterium-tritium than a small
amount; neither is it more susceptible to accidental detonation.

Through experimentation, physicists have
fusion to cause various fissions that would be found means for controlling the fusion reaction
unlikely to occur at lowrr temperatures.
on a small scale. Further development of their
Because it is usable from the beginning of techniques may make it possible to use the
the fusion process, tritium as well asdeuterium fusion reaction for nuclear power.

may be included in the payload of a fusion

weapon.

YIELDS

FUSION WEAPON C AARACTERISTICS

Nuclear fusion reactions can be brought

about only by means of very high temperatures
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The power of a nuclear weapon is expressed

in terms of energy release (or yield) when it

explodes compared to the energy liberated.by the

r
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explgsion of trinitrotoluene (TNT).

The forerunner of current radar type fuzes
was the proximity (for VT) projectile fuze of
World War II. Because recent years have seen
many improvements in electronic equipment,
radar type fuzes are likely to. be used exten-

Thus, a

1-kiloton nuclear weapon is one which produces

the same amount of energy in an explosion as
does 1-kiloton (or 1,000 tons)of TNT. Similarly,

a 1-megaton weapon would have the energy

sively in the future.

equivalent of 1 million tons (or 1,000 kilotons)

of TNT. The earliest nuclear bombs, such as
those dropped over Japan in 1945, released
roughly the same quantity of energy as 20,000
tons (or 20 kilotons) of TNT. Since that time,
much more powerful nuclear weapons, with
energy yields in the megaton range, have beer

BAROMETRIC TYPE.As the reader will
recall from earlier studies in basic sciences,
the atmosphere exerts pressure. Like water
pressure, atmospheric pressure increases with

In the hypothetical nuclear weapons described in this chapter, a conventional explosive reaction always acts as the trigger. This
is followed by the fission and finally (if ar-

mechanisms are used to cause firing at a

depth. The barometric switch (familiarly called
the
BARO) is a fuzing device that responds to
developed.
a
predetermined
value of atmospheric pressure.
The nuclear detonations in tests carried out
The
barometric
initiating device has no
by the United States have ranged from ap- exact counterpart in older
bomb type weapons.
proximately 0.1 kiloton (in Nevada tests) to 15 It corresponds roughly, however
to the conmegatons (in the Bikini tests).
ventional hydrostats that are used in underwater ordnance.
TIMER.Mechanical timing devices, repreFUZING TECHNIQUES
senting various applications of the clock principle, are used in many conventional projectiles,
INTRODUCTION
bombs, nd mines. Not all of these older clock

preselected instant. Some are used, instead, to
prevent firing from occurring before a given
instant; these timers are associated with impact
of influence devices that initiate the actual firing.

ranged for) the fusion reactions. Actually, then,
the problem of fuzing a nuclear weapon is similar

In an aircraft-launched nuclear weapon, of
to the problem of fuzing conventional bomb course, safety delays are vitally important to
type or gun type ammunition. The techniques protect the launching craft and personnel. A
may be somewhat more sophisticated, but the timer can be designed to provide these delays,
essential fuze componentsarming system, and also to close the firing circuit when the
detonator, safety arrangements, and so onare bomb has fallen a selected distance below the
launching altitude. The dropping speeds of the
all present.
A nuclear weapon may be designed to explode various types of nuclear bombs are known;
in the air, at the surface of the ground or water, therefore the dropping distance is easily conor below one or the other of these surfaces. verted to an equivalent time interval.
These considerations affect the choice of a fuze.

FUZING FOR SURFACE BURST

FUZING FOR AIR BURST

A nuclear weapon, like a conventional one,
Heavy blast damage to a target area is
frequently the most effective means of gaining may be designed to burst at the surface of the
a military objective. As chapter_ 14 will ex- ground or water. An impact fuze, in which the
plain, a nuclear detonation in the air above a shock of landing causes one operating comtarget produces widespread blast effect. ponent (or group of components) to move with
Several types of fuzes can be used to initiate respect to another, is used for surface bursts.
If a delayed explosion is desired, an impact
a detonation at a selected altitude.
RADAR TYPE. A fuze maybe constructed to fuze may contain a timing device that prevents
operate much like a small radar:14ft may trans- the detonation from occurring immediately
mit, receive, and compare electromagnetic upon impact: A heavy weapon, falling from a
pulses, and may fire when the signal (or com- high altitude, will penetrate some types of soil

bination of signals) meets specific built-in
requirements.

.

NO

and may even bury itself. A delayed-action
fuse permits this burial to take place.
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FUZING FOR UNDERWATER BURST

consists of a normally open switch that will not

Nuclear weapons, like conventional ones,
are capable of underwater detonation by hydrostatic fuzes. Timing devices can also be used
to produce underwater detonations.

close until specific requirements have been
met. Similar but not identical electrical interrupters are used in nuclear weapons.
PRACTICAL WEAPON TYPES

SAFETY DEVICES

The active materials and other highly critBecause of the high destructive capacity of ical substances used in nuclear weapons are
in
all nuclear weapons, the fuzes used in them limited supply as well as being very expensive.
must have positive protection against accidental Therefore, a policy of attempting to make the
or premature arming. Certain types of safety fewest number of weapons cover as wide a range
arrangements and accessories have performed of military applications as possible has been
reliably in conventional weapons. With adap- pursued in the development of
nuclear
tations and refinements, similar safety devices weapons stockpile. This capabilityour
is
achieved
are usable in nuclear weapons.
by planned interchangeability, and correlationof
ARMING WIRES.The arming wire has long nuclear weapons design with concurrent planning
been familiar to naval aviators. This wire is and development of delivery vehicles. By means
threaded through a fuze to keep a movable com- of conversion components, bombs can be conponent from taking its armed position. During verted to warheads, and warheads to bombs. In
launching, the fuzes (or equivalent devices) addition, by means of adaption kits, nuclear warare freed from the arming wires.
heads can be made compatible with
In conventional aircraft bombs a delay torpedoes, missiles and depth bombs. rockets,
period, providen by a windmill type vane and

a gear train, keeps the fuze from becoming

armed immediately after the arming wire has
been removed. In the safe interval, the planting craft escapes from the danger zone.
OTHER SAFETY FEATURES.Inertia, as
the reader will recall from basic physics, is
the natural tendency of a material object Of
stationary) to resist being set in motion and
(if moving) to resist any change in the direction
or' speed of motion. In weapons, the force of
inertia can be utilized to produce a safety delay
by retarding the relative motion between two
components.

During the acceleration of a projectile in a

BOMBS

Since' the aircraft was the only practical

delivery vehicle for large weapons during World
War II, bombs were the first nuclear weapons to
be placed in stockpile. A bomb is a stockpile

storage configuration of an aircraft-delivered,
free-fall, or retarded-fall nuclear weapon.
Major components and nuclear components integrally contained in the basic assembly are con-

sidered to be a part of the bomb. A bomb is a
major assembly designated by a mk-mod-alt
system and stockpiled as a complete entity of
one or more packages. Additional majorassem-

gun barrel, inertia tends to force all parts of blies such as fuze, firing set, radar, power
the fuze mechanism toward the rear. This supply, and nuclear components maybe required
manifestatwa of inertiacalled SETBACK in to constitute a complete nuclear weapon.
gunnerycan be used to delay arming. Simi-

larly, in several types of mine accessories and
components, inertia is used either to prevent MISSILE WARHEADS
an undesired action or to cause a desired one.
Some fuzing arrangements for nuclear
Almost as soon as fission
had been
weapons ude inertia as a means of achieving a proved practical, the thought ofweapons
a
guided
missile
safety delay.
with a nuclear explosive charge began to interElectrical arrangements constitute another est the ordnance engineers. Since that
all
means of assuring safety before and during of the armed services have developed time,
reliable
launching, and for a selected perititl thereafter. missiles capable of delivering nuclear payloads.
Nearly all naval mines, for example, are
A nuclear warhead normally consists of a
assembled and planted With several breaks in high explosive system, nuclear system, electhe battery-to-detonator circuit. Each break trical circuitry, and the mounting hardware.
29/
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ATOMIC DEMOLITION MUNITIONS

A check of unclassified sources indicates the
following missiles as having a nuclear capability:

ADMs are nuclear warheads adapted for use
as emplaced demolition charges that canbe used
to destroy bridges, power stations, etc.

The Navy's Polaris, Asroc, Subroc, Taloa, and
Terrier; the Army's Davy Crockett, Pershing,
Sergeant, Little John, and the Nike-Hercules;
and the Air Force's Atlas, Matador, Minuteman,
Titan, Bomarc, and Genie.

GUIDED MISSILES

There are several different types of guided

OTHER APPLICATIONS

missiles, for different applications, just as

there are different types of launching systems,
from the short range Terrier to the intermediate
The Army-has developed a nuclear projectile range Polaris, and the long range Atlas. Most

Projectile

that can be fired successfully from artillery of the guided missiles now in stockpile are
adapted for conventional as well as nuclear
howitzers.
warfare.
Safety is again of prime importance; a self-

Underwater Weapons

destruct package is an integral part of the

The Astor is a submarine-launched torpedo warhead, to protect friendly personnel in case
capable of carrying a nuclear warhead. The the missile goes off course, or fails in its
Navy also has developed a surface ship-launched
rocket propelled weapon called ASROC, which

intended mission.

depth charge as a warhead.

for a deterrent or retaliatory missile. When

In the Polaris missile system, a submerged
submarine is, in effect, the launching platform

may use a conventional torpedo or a nuclear

used for this purpose, the submarine has many
advantages. Nuclear propulsion and improved
design have given the submarine a ranging power
and a degree of maneuverability that would have

DELIVERY SYSTEMS AND TECHNIQUES

seemed fantastic as recently as World War II.

AIRCRAFT

The usual advantages and disadvantages of
conventional aircraft bombing missions apply
equally to missions involving nuclear weapons.
The airplane is swift and maneuverable; it can
penetrate far into enemy territory.
Because of the large blast damage of nuclear
bombs, the crew must be protected from this
damage once the bomb is dropped. One way to

UNDERWATER ORDNANCE

One of our newer weapons used the con-

ventional torpedo tube as a launching platform.

Subroc is a guided missile used for antisubmarine warfare. It is launched from a sub-

merged torpedo tube, programmed through the

accomplish this could be to insert a timing

air to reenter the water for a submarine kill.
It provides ranges greatly in excess of present

tion time. Another method would be to provide
the bomb with a drag parachute to slow the bomb
until a safe separation distance has been reached.
This is described as a retarded-fallbomb. Both
of these methods allow the aircraft to reach a
point of safety prior to bomb detonation.

torpedo ranges.

mechanism in the bomb to provide a safe separa-

GUNS

As was previously stated in chapter 12, the
gun is used by the Army and Merit', Corps to
fire nuclear projectiles at long ranges: Either
.

a proximity fuze or timer can be used AO
detonate this weapon.

SAFETY AND SECURITY

SAFETY PRECAUTIONS

In nuclear weapons, three main classes of
components are subject to specific safety precautions. One class is the conventional high
explosive or propelling charge. A second

class is the complement of mechanical and
electrical devices that provide for handling,
arming, and firing. The third and final class
is the nuclear material.
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Conventional Explosives

detonation of a nuclear weapon, there is still
a dangerous radiation hazard, unless proper
As was explained previously, high explosives, safety procedures are followed. Uranium
and
propellants, and detonators are intergal parts in plutonium may become dispersed as small
the construction of nuclear weapons. Due to the particles as a result of impact or detonation of
presence of these explosive hazards, the danger the high explosives, or as fumes if a fire
from fire or an accidental detonation is always occurs.
present, just as with conventional ammunition.
The Department of Defense and the U. S.
High-explosive safety criteria developed for Atomic Energy Commission have specially
conventional weapons are equally applicable to trained personnel prepared to deal with all
nuclear weapons, whether or not any nuclear aspects of accidents involving nuclear weapons.
material is present.
For example, our Explosive Ordnance Disposal
school trains in all phases of high explosive
Electrical and Mechanical Components
recovery or disposal in case of an accident, and
only trained personnel are authorized for this
In addition to high explosive hazards there task.

are also electrical and mechanical safety aspects
of nuclear weapons. The same adherence to
established safety criteria must prevail with
respect to the handling and testing of electrical,
electronic, and mechanical components of nu-

clear weapons. The same precautions used
with high voltage, condensers, etc., are also applicable to nuclear ordnance. Similarly, conventional mechanical safety precautions in connection with handtools, power tools, chainhoists,
dollies, etc., equally apply.
Nuclear Weapons Publications

These are publications promulgated by the
Joint Atomic Weapons Publications System.
Generally, all such publications are assigned

an AEC-DASA number; those publications which
bear upon the Navy have in addition a NAVY

SWOP designation for Navy Special Weapons
Ordnance Publication.
Publications include, for nuclear weapons and
related equipment: General information or
Definitions (4-), Reports (5 -), Safety (204, Assembly (35 -), and Maintenance (40-) series of
publications, For example, NAVY SWOP 20-1
is a publication on explosive safety.

SECURITY

Nuclear weapons, because of their strategic
importance, vulnerability to sabotage, public
safety considerations, and political implications,

require greater protection than their security

classification alone would warrant.
To prevent the possibility of accidental or
deliberate launching or releasing of a nuclear
weapon, there has been established a "two man"
rule. This is that a minimum of two persons
have access to nuclear weapons, each capable
of detecting incorrect or unauthorized procedure in the task being performed.
Only properly cleared personnel who have

need for access to a nuclear weapon, or who
have a need to enter a space containing nuclear
weapons will be allowed entry to these spaces.
Only personnel of demonstrated reliability and
stability will be assigned to this type of duty.
ELEMENTS OF ORGANIZATION
PRELIMINARY

When the secrets of nuclear energy were
unlocked by the discoveries of scientists, men
high in government realized that strict legal
All personnel assigned to work with fis- control must be enacted. The Atomic Energy
sionable or fusionable materials must receive Act of 1948 established the legal means for
special training in the handling, storage, and control and development of nuclear energy and
accounting methods peculiar to these materials. the materials involved. This act was later
Prior to such training they must possess at amended by the Atomic Energy Act of 1954 to
least a secret clearance bassi on atackground extend controls over the expanding research
investigation.
and use of nuclear energy, and to
Although nuclear weapons are designed to research and development in this field forexpedite
peaceprevent a nuclear yield in case of an accidental ful as well as military purposes.
Nuclear Components
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ATOMIC ENERGY COMMISSION

energy programs as directed by the Secretary
of Defense.

The Director, DASA, is a military officer
over control of all nuclear material from the of three star rank appointed by the Secretary
The Atomic Energy Commission (AEC) took

Manhattan Engineer District in 1946. The AEC

has outright ownership of all fissionable and

of Defense, upon recommendation by the Joint

Chiefs of Staff. Normally the assignment as

fusionable material in the United States, and of Director, DASA, is rotated among the military
all production facilities except those used for services.

special research which are not adequate for
production of nuclear materials in amounts sufficient for use in nuclear weapons.
The AEC is composed of five members, one
of whom is designated as chairman. These mem-

bers are appointed by the President of the

United States, with the advice and consent of

Training
DASA supplies training courses to fulfill the
requirements of the military departments for
technically qualified personnel in the fields of
nuclear weapons assembly, maintenance, nu-

clear hazards, safety, and emergency demof weapons; and other fields that deal
The Joint Committee on Atomic Energy is olition
with
specific
technical aspects of the overall
a congressional standing committee composed nuclear weapons
Team training of
of nine Senators and nine Representatives. nuclear weapons program.
assembly
is usually
This committee makes continuing studies of the accomplished at the Nuclear teams
Weapons Trainthe Senate.

activities of the AEC and atomic energy.

The Military Liaison Committee is composed of a civilian chairman (assistant to the
Secretary of Defense for Atomic Energy) and
two representatives each from the departments
of the Navy, Army, and Air Force. This committee advises and consults with the AEC on

ing Centers for naval personnel.
Technical Services

DASA provides technical information and

advice that is requested by the Services in
with their operation of assigned
all matters that it believes relate to military connection
storage
sites,
transportation, and other basic
applications of nuclear weapons or nuclear logistics functions
required in support of forces
energy, including development, manufacture assigned to the commanders
of unified and
use, and storage of nuclear weapons, and specified commands. DASA prepares
subof special nuclear material for mits to the Joint Chiefs of Staff forand
review
military research, and the control of information relating to the manufacture or use of nu- and approval, integrated full-scale weapons

allocation

clear weapons. The chairman of the Military
Liaison Committee is appointedby the President
with the advice and consent of the Senate.
The Division of Military Application directs
the research, development, production, testing,

effects test programs, and provides technical

liaison and assistance for operational evaluation

tests of weapons system involving nuclear
detonations that have been approved by the
Services.

custody, and storage readiness assurance of STORAGE SITES
nuclear weapons. It manages related AEC
installations and communities, and assists in
These are installations maintained for the
maintaining liaison between the AEC" and the storage
of nuclear weapons material and
Department of Defense. The Director of the ancillary equipment
storage inspection,
division is a member of the Armed Forces on storage monitoring,where
assembly,
or retrofit (or
active duty.
any combination of these) may be performed.
DEFENSE ATOMIC SUPPORT AGENCY

The Defense Atomic Support Agency (RASA)

National Stockpile Site

This is an installation located within the

is the designated agency of the Department of,,, continental United States which has facilities
Defense. It provides support to the Secretary for storage, storage inspection, assembly, and
of Defense, the Joint Chiefs of Staff, and the authorized modification of nuclear and nonmilitary departments in matters concerning nuclear components of nuclear weapons. Weapnuclear weapons testing and such other nuclear ons stored at a. National Stockpile Site are

Chapter 13PRINCIPLES OF NUCLEAR WEAPONS AND THEIR HANDLING

normally in the custody of AEC. The installation is jointly operated and occupied by AEC
and DASA.

STORAGE CONFIGURATIONS

Stockpile Storage

This is storage of weapon major assemblies

Operational Storage Site

in a disassembled state. Generally, each of

These sites have the same function as NSSEI
except that they are jointly occupied and operated
by AEC and one of the Services.

Service Storage Facility

This is a service-operated and controlled
site, located within the continental United States,

which has the capability for storage and partial
or complete storage monitoring of nonnuclear
components. It may also havethis capability for
nuclear components.
Shipi as Sites

There are two classes of ships equipped
to store nuclear weapons. These are classed
as combatant ships and support ships.

Combatant ships, have the capability for
delivering a nuclear weapon to a target by
means of aircraft or missiles. These ships may

have a full or partial capability for storage
inspection, maintenance, monitoring, and assembly of nuclear and nonnuclear components.
Support ships, such as ABs and AKAs, have

facilities for the storage and transport of

nuclear weapons and for performing partial
storage monitoring. Weapons are stored in
either stockpile storage or nonready storage.
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these assemblies is packaged and sealed in an
individual container.

Operational Storage
Operational storage is any storage condition

occurring in the stockpile-to-target sequence
following removal of the weapon components
from stockpile packages for partial assembly.
Nonready Storage

This is storage of nuclear weapons that are
partially assembled, or in an unpackaged condition which will require more assembly and
testing than when in a ready storage condition.
Nonready storage is used to reduce assembly

time from that required for a stockpile condition, to conserve storage space, or afford
greater ease of handling.

Ready Storage
Ready storage is storage of a nuclear weapon

in a partially assembled and tested condition

which will permit completion of assembly inthe
shortest time possible.
Assembled Storage

This is storage of nuclear weapons in a

specific condition of operational storage and

completely assembled, or less those

com-

ponents that are to be assembled at the time of
loading Or during delivery to the target.

CHAPTER 14

EFFECTS OF NUCLEAR WEAPONS
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that Can be expected, and will mention defensive

INTRODUCTION

measures.

PRELIMINARY

Whenever a new weapon is proposed, two
questions arise. First, what can this weapon

COMPARISONS

do for us in combat? Second, if the enemy uses
the weapon against us, what defensive action can

CONVENTIONAL REACTION

seldom simple, even when the weapon is a "con-

A conventional explosion is a chemical reaction. An initiating impulseusually heat or
shockis applied to a substance whose molecules

we take? The answers to these questions are

ventional" type.

For nuclear weapons, the

answers are complicated by two major factors:
(1) the explosion is a very large one; and (2) the
explosion is accompanied, and often followed as
well, by ionizing radiation.
When these two facts first became public
knowledge, a certain amount of hysteria was
inevitable. Hysteria still characterizes much
of the popular thinking about nuclear weapons.
Unbiased information, honestly faced and analyzed, is an antidote to hysteria. A great deal
of information on the effects of nuclear weapons

has now been made available in unclassified
Government publications. The data for these

contain oxygen, carbon, and hydrogen in abunWhen initiated, explosive substances
oxidize (burn) much more rapidly than ordinary
combustible materials. HIGH explosives (the
substances used as the burster charge in conventional bomb-type ammunition) are said to
detonate rather than to burn in the usual sense.
The detonation propagates itself as an intense
shock wave, followed immediately by a release
of energy in the form of intense heat.
During this almost instantaneous process, the
dance.

original moleucles break up and their atoms
recombine to form more stable compounds.Only

publications have come from two main sources
the World War II detonations over Japan and the
postwar testing program.
Out of the wealth of available information
this chapter endeavors to summarize the details

the electrons in the outermost shells of the

officer. Regardless of specialty, every officer

small.

atoms are involved in molecule formation, and a

comparatively small amount of energy is suf-

ficient to free the atoms from one molecular formation and recombine them in another. The con-

that are most likely to be useful to a junior version of mass to energy in this process is
has cause to be familiar with the effects of
nuclear explosions.

Most of the energy of heat is converted to
energy of motion that bursts the container and
sends a blast wave through the air, or a shock

wave through the earth (or water). It is
primarily this blast or shock wave that causes
The brief second section of this chapter will

major comparisons and contrasts between con-

damage.
However, the amount and type of damage can
be modified bra number of considerations. There

cluding sections will analyze the types of damage

the target and the point of detonation. Frequently

reviewand, where necessary, amplifythe

ventional and nuclear weapons. The body of include (but are not necessarily limited to) the
the chapter will analyze the effects of several type and amount of the explosive subietance, the
possible types of nuclear explosions. Con- strength of the target, and the distance between
302
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the target is shattered; sometimes it is ignited

class by itself'. Because nuclear radiation
cannot ordinarily be discerned by any of the
target occurs (if at all) as a secondary result of five senses, and beca ase the average person
shock damage to fuel systems, stowed ex- has a vague and partially erroneous idea of the
plosives, or power lines. If the target is a ship, phenomenon, this asnel of a nuclear
it may sink because it has been damagedbeyond explosioneven more than the heavy blast and
its capacity for rapid repair; or it may remain shock damageis a possible source for panic.
waterborne but be unfit for combat.
The next section will deacribe the several
A successful conventional detonation is likely major classes of nuclear explosions, and will
to kill or injure at least a few personnel. Some summarize the effects of each on a target area.
fatalities or casualties occur immediately and
are unavoidable. Still others occur as a result
of secondary effects. Their causes may be
NUCLEAR EXPLOSIONS
falling or flying objects, short circuits, fire,
flooding, or other resulting manifestations of DISTRIBUTION OF ENERGY
explosive violenCe. A taut ship or station
endeavors to keep secondary casualties to a
When a nuclear explosion occurs, the
minimum.
This can be accomplished with strength of its blast or shock wave
pressures
enlightened foresight, training, and discipline. is tremendously greater than from a chemical
The explosive force, detonation velocity, explosive (compared per unit weight of exsensitivity, and other properties of military ex- plosive). It also radiates an enormous amount of
plosives vary for different types but all are thermal energy (heat). The nuclear radiation
immediately. More frequently, fire damage to the

.

measured in terms of TNT.
NUCLEAR REACTION

The forces binding the atomic nucleus to-

gether are vastly stronger than the forces

binding atoms into a molecule. To break these
forces, a comparatively large amount of matter
must be converted to energy.
A nuclear explosive reaction, like a conventional one, is characterized by intense heat
and a heavy wave of blast or shock. The heat

is many times higher than in a conventional

explosion; the shock wave, in addition to being
stronger, moves more slowly and covers a much
greater area. If all or even part of a nuclear
explosion takes place in the air, winds of a high
velocity are generated.
Secondary effectsfalling and flying objects,

released into the atmosphere is a more ominous
aspect of the event.
Figure 14-1 shows how energy isdistributed
in a representative nuclear explosion. About 85
percent of the total energy appears first as
intense heat. Almost immediately a considerable part of this heat is converted to blast or

shock; the remaining thermal energy moves
radially outward as heat and visible light.
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damaged pipelines and wiring systems, and
firesare more numerous and extreme than
after a conventional explosion. Unavoidable
casualties may be numerous. Unhappily, other

casualties, some of which could be avoided by
using elementary knowledge and taking simple

pr3cautions, are liable to be very numerous.

In these respects a nuclear explosion differs
from a conventional one in depeikmore than in
kind. In another respectthe certainty of concomitant nuclear radiation and the possibility
or probability of residual radioative

contaminationthe nuclear explosion is in a

Figure 14-1.A typical nuclear energy
distribution graph.
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The three parts of figure 14-2 show what
happens
during the first 11 seconds after
immediately as invisible but extremely powerful
nuclear radiationalpha particles, beta par- detonation.
An air burst is defined as one in which the
ticles, gamma rays, and neutrons. This is
called initial (nuclear) radiation. The residual weapon is exploded in the air at an altitude
nuclear radiation occurs over a long time; it below 100,000 feet, but at such a height that
is produced by the decay of the numerous the fireball (at roughly maximum brilliance in
radioactive isotopes that are formed by fis- its later stages) does not touch the surface of
the earth. In a 1-megaton weapon the fireball
sion reaction.
In nuclear fusion reactions, the actual may grow to nearly 5,800feet (1.1 miles)across.
If the explosion takes place about 100,000
quantity of energy liberated for a given mass
of material depends on the particular isotope feet altitude, it is a high-altitude burst. The
fireball characteristics are different because
(or isotopes) involved.
Some 5 percent of the total energy appears

low-density air.
The fraction of the explosion yield received of the
Very soon atter the nuclear weapon is trigas thermal energy at a distance from the burst gered, a rapidly multiplying nuclear reaction
point depends on the nature of the weapon and vaporizes all parts of the weapon and its conparticularly on the environment of the ex- tainer. The reacting matter appears as an
plosion. For a detonation in the atmosphere extremely hot and brilliant fireball resembling a
below about 100,000 feet altitude, it ranges from small sun. The fireball radiates heat, light, and
about 30 to 40 percent. At higher altitudes nuclear emissions.
where there is less air, the proportion of thermal energy is increased, and the proportion of Blast Damage
fission energy converted to blast is decreased.
At the other extreme, in an explosion comThe reaction causes a blast wave (the primary
pletely confined under the earth, there would shock front) to move outward from the fireball.
be no escape of thermal radiation.
The air immediately behind this front acts as a
terribly
violent wind. In the first portion of
The 15 percent allotted to nuclear radiation
in figure 14-1 is appropriate for a fission figure 14-2 the blast wave has not yet reached
weapon. In a thermonuclear (fusion) device, in GROUND ZERO (the point directly below the
which only about half of the total energy arises detonation point). The light rays and the equally
from fission, the residual radiation carries only swift gamma rays, however, have done so.
When the primary blast wave (incident wave)

about 5 portent of the energy released in the

strikes ground zero with an impact like that of

explosion. In contrast to thermal radiation, the

quantity of nuclear radiation is independent a tremendous hammer, a swond or REFLECTED
of the height of burst. However, the attenuation blast wave begins to move, upward and outward
of the initial nuclear radiation is determined by from ground. zero. The second part of figure
the total at of air through which it travels, 14-2 shows the reflected wave. At points on the

and the dispersion of the radiation products surface, the impact of the two waves is felt
also varies with the height of the explosion. simultaneously. This is true also, for practical
Other factors, such as wind, also affect the purposes, of points ABOVE the surface in the

vicinity of ground zero.
At points somewhat farther out, such Pi and
PR
in figure 14-3,3,however, an object above
REPRESENTATIVE AM BURST
the surface, such as the top of a tall smokestack
or a television tower, would receive two distinct
As chapter 13 mentionedflin air burst over blows. It would be struck first by the incident
a target is frequently the most efficient means wave moving radially outward from the fireball

dispersion of radioactive particles.

of accomplishing a military objective.

A

and, diortly thereafter, by the reflected wave

1-megaton detonation (equivalent in destructive moving radially outward from ground zero.

Ap one goes farther out from ground zero,
power to a milliontonsatTNrhasbeen selected
for study in this article. For a weapon of lower however, the angular distance between the Inyield, the distance and the time intervals would cident verve and the reflected wave decreases..
be starter; fur a more powerful weapon, they In attar words, the two waves are moving more
nearly in the same direction. Also, the reflected
wild be longer.
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Figure 14-2. Three abates in thee development of a 1-megaton air burst at 6,500 feet height.
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Figure 14-3.Formation of the Mach front.

wave tends to move faster, since the incident stem has moved outward about 3 miles from
wave has compressed the air through which it ground zero. The overpressure is about 8
will move. At some point between Int and Pin pounds per square inch, and the wind is blowing
in figure 4-13, the two waves begin to be felt as at 180 miles per hour. This is the situation
a single strong shock, not only at the surface shown in the third part of figure 14-2.
By the end of 3'7 seconds, however, sig(as before) but above it as well. This point
marks the beginning of the MACH FRONT. For nificant changes have taken place, as shown in
the explosion shown in figure 14-2, the over- figure 14-4. The overpressure has dropped to

pressure (excess over normal atmospheric a single pound per square inch, and the velocity
pressure) of the Mach front at its poht of origin
is 16 pounds per square inch.
As the combined waves more further from

ground zero, the Mach front elongates itself,
forming the Mach STEM, shown extending almost

of the wind behind the Mach stem is merely
40 miles per hour. The fireball has ceased to
radiate much heat, but is still emitting gamma
rays given off by the decay of various shortlived :radioactive isotopes formed during the

vertically from points Piii and ply in figure fission reaction. This is an example of residual
14-3. An airplane or a tall object located radiation, as distinguished from the initial

ABOVE the triple point at the upper end of the radiation given off as an immediate result of the
Mach stem will. feel two separate blast waves. explosion.
Though it no longer glows, the fireball is
An object BELOW the triple point will feel the
combined blast waves as a single perwerfulblow. still very hot. It rises swiftly, like a hot-gas
The Mach effect is one reason for the long-range balloon, sucking air inward and upward after it.
This suction phase of the buret creates strong
shattering power of a nuclear air burst.
Behind the primary shock wave and, after winds, opposite in direction to the Mach wind.
its formation, behind the Mach totem, a strong, Near ground zero these AF'rENWINDS pull upswift wind blows almost horizontally outward ward a large amount of surface dirt plus much
from ground zero. In its destructive power, of the lighter debris from buildings dudteredby
this wind is like a concentrated, short-lived the blast. This windborne material forms the
stem -4r water column of the mushroom cloud
hurricane.
While the Mach front is being formed, the that is 'characteristic of a nuclear air burst. In
fireball is still radiating large amounts Of heat, figure 14-4 the cloud has begun to form.
Within the second minute after a 1- megaton
light, and nuclear emissions. By the end of 11
secontls, for a 1-megaton explosion, the Mach detonation, the top of the mushroom cloud is
306
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Figure 14.4. Development of mushroom cloud and the Mach front after a 1-megaton air burst.

about 7 miles in the air. The afterwinds are

blowing inward toward ground zero at about 200

miles per hour.

Radiation Hazard

of these will, in time, be borne earthward on
raindrops, fog droplets, or dust particles; or
they may descend by their own weight. This
returning radioactive material 'constitutes the
fallout that is a peculiar hazard of nuclear explosions.

'

The mushroom cloud consists mainly of
The fallout from a high air burst may be
vaporised fission products and other bomb carried great distances by wind drift, to become
residues, plus some of the lighter material a serious threat. Strontium-90 and cesium-137
carried up through the center column. The are radioisotopes with long half-lives that have
fission products, of course, are highly radio- drifted over large areas of the earth as delayed
active.
After 10 minutesthe
.

IS miles in

mushroom cloud is about

the air and has spread out con-

siderably. In time, normal winds disperse the
cloud, thus sipreSding
over a wide
area and dilutIng

theft.

its

radioactive !lesion
products have very short half - lies, the tOtal
radiation tatsard,-is cOnAmitedeellesising by,
Because some Of the

decay all Well as by dispersal.

It does not

completely vanish, however. Fission products
with Wog half-lives, and ,diminishing quantities

of those with short halt- lives, remain. Bole
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fallout. They get into food and water and thus
are a biological hazard. These tiny radioactive

particles are carried in a jetstream of moving

air that circles the earth at the edge of the
tropopause, and are brought to earth by rain or

snow or by gradual fallout. A rise in the

strontium-90 count in milk in the United States
may be a confirmation of a nuclear detonation
over Siberia. Fallout from some of the other
types of bursts, however, is a major hazard in
the more immediate area of the burst.
The student should clearly understand that

a nonfissiOned water droplet or dust particle

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

does not itself become radioactive by acting as
a vehicle for a radioactive isotope. All it does
is to convey this product of the original explosion
from the upper atmosphere to someplace where
it may possibly be picked up by a living organism.

In considering a bomb of greater or lesser
yield than a megaton, the order and nature of
the events in an air burst will be as outlined in

this article but the statistical values will be
different.

on preferred methods of construction and ma-

terials to use for shelters. These aspects are

discussed later in this chapter.
Because it is particularly destructive of
structures and equipment (and because of minimized radioactive after effects), an airburst
above a target area is likely to be a preferred
method of nuclear attack. Other classes of
bursts are possible, however. It is therefore
necessary to notice how each compares with an

air burst.
An air burst, then, produces intense heat
(thermal) radiation, initial nuclear radiation
from the fireball, residual nuclear radiation SURFACE BURSTS
from the fission products in the mushroom
cloud, great changes in atmospheric pressure,

and strong, high-velocity winds, first away from
ground zero and later toward it. At and near

ground zero, any or all of the primary effects
are fatal to personnel. The combination of
pressure and wind destroys all light buildings,

If an air detonation takes place at every low

altitude, part of, the fireball, in its rapidly
growing early stages, touches the surface of

and possibly all buildings whatsoever.

ground or water. This type of nuclear explosion
is defined as a surface burst.
The intense heat of. the fireball vaporizes a
large amount of soil' or water. This vaporized

Personnel Protection

terial remains in the fireball as it rises. In
addition, the suction phase of the exploSion

(but ordinarily not fissioned) extraneous ma-

Beyond the area of total immediate de-

struction, blast and wind damage are still heavy.

Firesresulting either from the initial heat

carries much more debris into mushroom stem
(center column) than would be expected in an air

burst (fig. 14-5).

radiation or from various secondary causes

soon reach dangerous proportions. Unprotected
personnel may be killed or injured by radiation,
by falling buildings, by blows or lacerations from
falling or windborne objects, or by secondary
fires. Many in underground shelters, and many

above ground who have learned and applied
elementary defense procedures, can sevethem-

selves or, if injured, can be saved by well-

drilled rescue teams. The human body is much
more tolerant of short-term overpressure than

even the strongest buildings are. It is the
secondary effects of overpressurecrumbling
walls and flying glass, for examplethat cause
most injuries. The appalling casualties in the

Japanese bombings were due in large measure
to tha twin elements of complete surprise and
unpreparedness. Many thousands of lives could
have been saved had the people been alerted and
trained in self-protection in the event of nuclear
attack. Extensive and intensive studies of all
aspects of those bombings have shown quite
clearly how to protect yourself. Various types
of buildings and shelters havebeentestad during

our nuclear weapons tests, and from these

studies recommendations have been published
308

Figure 14-5.Formation of dirt cloud in
surface burst.
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As the fireball cools, the vaporized foreign
material condenses into minute particles in the
mushroom cloud. The heavier debris immediately falls back fairly near the point of
burst; the lighter particles may remain airborne
for a long time. Radioactive fission products

may cling to any or all of the non- fissioned

particles. The surface burst, therefore, carries
a much greater threat of hazardous radioactive

fallout than an air burst does.

Though the

transmitted by the blast wave passing over the
surface. Cracks appear in the soil at varying
distances from the crater, the size anddistance
of the cracks depending on the size of the ex-

plosion, distance from the surface, type and
condition of soil.

The effects of underground shock from a
nuclear explosion have been compared to an
earthquake of moderate intensity. There are

significant differences, but those inthe business

danger from the fallout of heavy particles is of detecting nuclear explosions in other areas
greatest near the target (where damage from cannot always be sure if an earthquake or a
other causes is also severe)the airborne lighter nuclear explosion caused the seismic wave
particles may seriously contaminate wide areas. recorded on their instruments.
In the test at Bikini atoll in 1954, substantial
Except in the region close to ground zero,
contamination spread over an area of over 7,000 where destruction would be virtually complete,
square miles. Fallout can continue even after the effects of blast, thermal radiation, and
the cloud can no longer be seen.
initial nuclear radiation will be less extensive
It is estimated, for example, that a 1-megaton than for an air burst of similar size. However,

bomb, exploded on the surface of the ocean, would
convert about 20,000 tons of water to vapor. At
a high altitude, this water vapor would condense

into droplets like those in an ordinary cloud,
with the serious difference that many droplets
would be vehicles for radioactive fission products. By the time these contaminated droplets
fall as rain, they might oe hundreds of miles from

the point of detonation.

early fallout may be a very serious hazard

over a large area.

SUBSURFACE BURSTS

If a nuclear explosion occurs under such
conditions that its center is beneath the ground
or under the surface of the water, it is classed
as a subsurface burst. Since some of the effects
of underground bursts and underwater bursts are
similar, they can be considered together as subsurface burst effects. In a subsurface burst,
most of the shock energy of the explosion appears as underground or underwater shock, but
a certain proportion (which is less the greater

If any significant portion of the fireball
touches land, a crater remains to mark the site
of the explosion. The crater is formed partly
by vaporization of the soil and partly by updraft into the center column during the suction
phase. An observer at a distance can recognize
a surface burst over land by the dirty color of the depth of the burst) escapes and produces
the mushroom center column and cloud.
air blast. Much of the thermal radiation and of
The size of the crater will vary with the size the initial nuclear radiation will be absorbed
of the bomb, the height at which it was exploded, within a short distance of the explosion; The
and the character and condition of the soil. energy of the absorbed radiations will merely
Studies made following test explosions have heat the ground or the water. Some of the
yielded information on the size, shape, and thermal and nuclear radiations will escape,
depth of a crater to be expected from a par- varying with the depth of the explosion, but the
ticular size bomb in a particular type and con- intensities will be less than in an air burst.
dition of soil (rocky, sandy, wet, dry), and However, the residual radiations are of conscalar tables have been compiled for pre- siderable significance since large quantities of
dicting effects.
earth or water in the vicinity of the explosion
A varying portion of the kinetic energy of a will be contaminated with radioactive fission
surface burst goes into ground shock similar products. If the burst is near the surface so
to that produced by a penetrating high-explosive that the fireball actually breaks through, the
bomb. This shock aids the atmospheric over- amount of fallout will be about the same as in a
pressure in demolishing buildings near the surface burst. If the burst is deep enough so
point of burst.
that none of the fireball emerges from the
Beyond the immediate area of the crater, surface yet quantities of dirt (or water) are
the ground shock transmitted through the earth thrown up as a column into the air, much of the
is usually small compared with the shock rock, soil, and large debris (or water) will fall
k

ari.a
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back in the immediate area, but finer particles very deep detonation may fail to produce a
will be carried aloft and Al descend later as spray dome.)
When the radioactive fireball (or gas bubble)
fallout, perhaps far from the area.
Many subsurface tests of nuclear devices touches the surface, the hot gases are violently
have been made, for weapon use and for pos- expelled into the atmosphere, drawing up with
sible commercial uses, such as blaiting out them a hollow column (sometimes described as

ground to build a tunnel, or a canal, or to a PLUME, or a CHIMNEY) of water. The com-

deepen a harbor, or open a mine. A large body plex pressure relationships sometimes cause
of data has been collected, studied, analyzed, water droplets to form a "Wilson" condensation
and charted, so that effects of explosions of di- cloud about the hollow column. The cloud forferent sizes, different depths, and under varied mation reproduces, on a large scale, the conconditions can be predicted %vith considerable ditions in the laboratory cloud chamber. The
Wilson cloud remains only for a second or two,
accuracy.
and is not radioactive. The radioactive contents
of the bubble are vented through the hollow
Underwater Bursts
column and may form a cauliflowershaped cloud
at the top (fig. 14-6).

A nuclear underwater burst is defined as
one whose origin is beneath the surface
a

body of water. Most of the energy of the under-

water burst appears as underwater shock, but
a certain proportion (dependent on the depth)
may escape and produce air blast.
A "true" underwater burst is one in which
the detonation and the formation of the complete fireball both occur below the surface of the

water. The fireball is in the form of a great
bubble. Because it is subject to hydrostatic

pressure, the bubble is believed to be smaller
than fOr a bomb of comparable yield detonated in

SHALLOW UNDER WATER BURST.Figure

14-6 shows three characteristic steps in a

typical underwater burst. (Baker test at Bikini
atoll in 1946a 20-kiloton weapon was used in
comparatively shallow water.) Part A of the
illustration shows. conditions 2 seconds after
detonation. Notice that the shock wave that
surrounded the fireball in the water has become
a blast wave in the air, surrounding the Wilson
cloud.

Twelve seconds after detonation, as shown
in part B of figure 14-6, the water column has
reached a height of about 3,300 feet. (An estimated million tons of water were raised in the
column in the Baker test.) The fission products
venting through the center of the column have
begun to condense into an atomic cloud resembling a giant cauliflower.
.

the air. As the -rising bubble touches the surface, its glow disappears, because the gases.
expand and cool when they meet the lesser
resistance of the air.
While it is still under the surface, the fireThe cauliflower cloud is strongly radioactive,
ball (or gas bubble) generates a shock wave,
much as a fireball in the air generates a blast but is too high to be a serious threat to shipwave. A later paragraph will ment ion Some of the board personnel at this time. A much greater
peculiarities and military uses of this shock immediate threat is the BASE SURGE that has
wave. The peak overpressure does not fall off begun to form around the lower end of the hollow
as rapidly with distance as in air, but the column. The base surge consists of radioactive
duration of the shock wave is shorter than in mist from the contaminated water in the hollow
air.
column, which is now dropping backward due
Two phenomena give advance warning that the to gravity. The base surge spreads radially
fireball from an underwater: detonation is ap- outward, giving the appearance of a doughnutproaching the surface.: First a rapidly expand- shaped cloud on the surface of the water.
ing: white circle, called the SLICK, appears on
By this time, too, large water waves have
the surface. The slick is compoSed of countless begun
to form and move, outward from the base
droplets.. asurface 'water that have .been -tossed
up by the. advancing' shock wave. At the center
of the slick, .a dome of water' and' spray rises,
directly over the detonation 'point.
Neither the slick .nor. the,spray dome :containt; -any ,radloaCtive ' matter,. They are -forerunners of the true 'explosion phenomena.. (A
.

of the holloW column.
By /the twentieth second after detonation, con-

ditions are as shown in the third part of figure
14-6. The base surge is growing higher as it
moves outward. Large quantities of contaminated
water, the MASS1NE WATER FALLOUT, beginto
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Figure 14-6.Three stages in the development of a 100-kiloton shallow
underwater nuclear burst.
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pour down from the mushroom cloud.

direction. The base surge may extend downwind

The

for several miles.
An underwater detonation at greater depth

hollow column is continuously shrinking.
A minute after detonation, the hollow column
is much lower and the ring of outward-rushing
base surge much higher. Contaminated water
and spray from the cauliflower c1ev.1 encircle
the hollow column. Water waves continue to

may fail to produce any of the phenomena shown

form and move outward. The first wave has

traveled almost a mile from the column. In the
Bikini lagoon tests, beaches were inundated, as
far away as 11 miles, some to twice the depth
of the approaching wave, far more than hadbeen
anticipated.

Two and a half minutes after detonation,

figure 14-7, the central column has been completely replaced by a radioactive mist or cloud

that extends downward to the surface of the
water. The base surge, still forming an outwardmoving ring around the central cloud, has lifted
slightly. It appears, therefore, as a low-hanging

in figures 14-6 and 14-7. Instead, the hot gas
bubble may break into a large number of small
bubbles as it rises through the water. When the
small bubbles reach the surface, they maybreak
into radioactive froth, perhaps with a thin layer
of contaminated mist above it.' The mist is not

likely to create a large fallout problem, but

dangerous amounts of the radioactive foam may

be washed against surface vessels or even

against the shore.
During any type of underwater nuclear explosion, all or a great percentage of the radiant
heat is absorbed by the water. Many of the first
neutrons and gamma rays are also absorbed.
When and if the bubble reaches the surface and

bursts however the various fission products
rays and beta particles.
still emitting
cloud from which radioactively contaminated are The
hollow column, the cauliflower cloud, and
rain is pouring. This rain is hazardous to sur- the base surge all contain large numbers of
face vessels in its path.
Though diffusion and the natural decay of
isotopes with short half-lives have reduced the
intensity of the nuclear radiation given forth
by the central cloud, the level of radiation is
still dangerously high.
Eventually, the central 'cloud and the base
surge mingle and are carried off in the downwind

radioactive particles. The fallout (or rainout) of
these particles is liable to be the most serious
danger to surface ships and shore installations

BEYOND the region of heavy shock (and blast).

It is important, therefore that naval officers in

general should have knowledge of decontamination procedures (as well as other damage control
and first aid procedures).
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Figure 14- 7. Conditions 2.5 minutes after a 100-kiloton shallow underwater nuclear burst.
3121 -

Chapter 14EFFECTS OF NUCLEAR WEAPONS
DEEP UNDERWATER BURST.As observed

in the WAHOO shot in 1958, deep underwater
bursts do not produce an airborne radioactive
cloud. The visible phenomena produced by this
shot, which was 500 feet underwater, are shown
in figure 14-8. No fireball could be seen, but a
spray dome (fig. 14-8A) formed above the surface of the water. The hot steam and gas burst
through this and formed multiple plumes (fig.
14-8B) in all directions. As the plumes collapsed,
a base surge (fig. 14-8C) formed, extending for
a distance of about 2 1/2 miles downwind and
upward about 1,000 feet. The radioactivity was

100.46

Figure 14-8B.Plume after 11.7 seconds.

associated with the base surge. The residual

nuclear radiation was slight.
In a deep underwater burst, very little of the
energy escapes as air blast, but is absorbed by
the water and produces a much greater shock
wave than does a shallow burst. The peak overpressure does not fall off as rapidly in water as
in air, therefore the shock wave can damage
ships at considerable distances from the burst.
At 3,000 feet from a 100-kiloton deep water
burst the peak overpressure is 2,700pounds per
square inch, compared to only a few pounds per
square inch in an air burst.
100.4'7

Underground Bursts

Figure 14-8C.Base surge 45 seconds

after explosion.
When the fireball is formed below the surface of the soil, the hot pressurized gas within
it is mingled with bomb residues and vaporized early stages. Figure 14-9A shows conditions
earth. Upon breaking through the surface, the two seconds after a 100-kiloton shallow underexpanding gases throw up a hollow, outward- ground burst. In addition to the phenomena
flaring column consisting of earth debris mingled shown in the drawing, this type of detonation
with fission products.
produCes a ground shock resembling a small
SHALLOW UNDERGROUND BURSTS.As in

a shallow underwater burst, a hemispherical
blast front surrounds the hollow column in its

earthquake, except that it occurs nearer the

surface.
In rising, the hollow column produces a
throwout of contaminated debris.. The lighter
products of the explosion form a radioactive
cloud about the upper part of the column.
By the end of 9 seconds, as shown in figure
14-9B, the expandiqg cloud is still giving off
hazardous amounts 'bf radiation. Some of the
heavier fragments in the throwout are falling
back to the earth.

Forty-five seconds after detonation (fig.
14-9C) the throwout is rapidly falling to the

ground.
100.45

Figure 14-8A.Spray dome 5.3 seconds
after explosion.

It can be expected that finer dust

particles from the hollow column will form a
ring of base surge, much like the mist surge
that characterizes a shallow underwater burst.
The dust particles in. the base surge are heavily
contaminated, with nuclear byproducts.
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rises toward the cloud and moves ahead of it in
the downward direction. Thus, radioactive
particles can be carried downwind for considerable distances, seriously contaminating a large

area.
It is estimated that a 1-megaton shallow

underground burst would blow into air some ten
million tons of soil and rock. The area around
the crater would be heavily contaminated, and
the fallout of lighter particles might be hazardous

over a great distance.
As a general rule, the thermal radiation will
be almost completely absorbed by the soil material, so it represents no significant hazard.
The shock wave produced by the rapid expansion of the bubble of hot, high-pressure gages

initiates a shock wave in the earth similar in
some ways to an earthquake of moderate intensity. Theoretically, the disturbance should
be equal in all directions, distinguishing it from
an earthquake, in which there are slipping
movements. However, this is not always true
and it is not always possible to distinguish
between earthquakes and underground nuclear
explosions by the recordings made by seismographs.
The formation of a crater by surface burst is
shown in figure 14-9E. Similar deformation of
the earth takes place in an underground burst.
The size of each damage zone varies with the

type and condition of the soil, the size of the

MILES

2

detonation, and the depth of the detonation, but

the types of damageare similar. Immediately
beneath the visible or apparent crater are two
more or less distinct zones, the rupture zone
and the plastic zone. In the rupture zone, there
are innumerable radial cracks in the earth or
rock. Below that is the plastic zone, in which
there are no actual cracks visible but the earth
is permanently defornied and greatly compressed. In rock, the plastic zone will be much
smaller than in soil. The cavity formed by the
5.165 explosion is the true crater, but the visible or
Figure 14-9.Development of a 100-kiloton apparent crater may be smaller because of the
shallow underground burst: A. Two. seconds
after detonation; B. Nine seconds after detonation; C. After 45 seconds; D. After 4 1/2
minutes; E. Formation of crater.

After a few minutes, as shown in figure
14-9D, the central column loses. its separate

fallback of debris.-

The crater produced by a shallow underground burst is deeper and wider than the one
produced by a surface burst of equivalent yield.
A 100-KT surface burst would produce a carter
580 feet- in diameter and 80feet in dry soil, while
aAaindlar burst 50 feet below 'the surface would

identity. The lightest particles from the column produce a crater 720 feet in diameter and 120
have now .become part of the radioactive cloud.. feet deep.
Mathematical formulas, have been prepared,
This cloud spreads out, especially in the downwind direction: If A base surge has formed, it with corrections for different factors such as
314-

3.4
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type of soil, so the expected crater size can be

computed for any size weapon.
DEEP UNDERGROUND EXPLOSIONS.One
of the purposes of testing nuclear weapons deep
underground is to prevent contamination of the
air and the countryside. A number of nuclear
test explosions have been carried out at various
.

depths underground. Various soil characteristics, particularly the moisture content, affect
the result. The data from the tests indicate that,
in general, a scaled depth of 500 feet or more is

necessary to contain the radioactivity below the
earth's surface. By scaled depth we mean scaled
according to the strength of the explosion. In the
LOGAN shot (5-KT), for example, the actual
depth of rock and earth cover was 830 feet, but
the scaled depth was computed as 512 feet. The

formula for computing the scaled depth is:
500 W 0.3

where W is the explosion energy yield in kilotons
TNT equivalent. This formula applies if the

overburden (rock and soil cover) is of dry soil
and loose rock. If the overburden is solid rock,
the result is multiplied by 0.8.
When the fireball does not break the surface
of the earth, all the radiation and the radiant
energy is retained in the earth. A year after the
RAINIER shot, nearly all the energy was still
retained in the immediate area of the explosion,
which took place in a 6-by 6-by 7-foot chamber
790 feet below the surface in a type of rock
called tuff. The explosion enlarged the space to
a cavern with a 62-foot radius, and melted the
rock to a depth of four inches. The roof of the

shock decreases with increasing altitude and a

larger proportion is in the form of thermal

radiation. However, the fraction of explosion
energy emitted as nuclear radiation is not affected by altitude. The radiation can travel
faster and farther in the thin air but will be so
widely scattered in the stratosphere that there
is little danger from the initial nuclear radiation
from a high altitude burst. The residual radiation that reaches the earth can be very widespread.

Much of the thermal radiation will also be
dissipated by the time it reaches the earth, so
the effect is negligible. The blast wave set up
by the explosion travels faster and farther in
the low-density air, but by the time it reaches
the earth, the overpressure and blast front has
died down to a small amount, so no damage
results.
The difference in the fireball is startling.
The speed with which it develops, rises, and
spreads to tremendous size is fantastic. The
fireball from the 1-megaton TEAK burst in the
Pacific could be clearly seen for over 700 miles.
It appeared as a large red luminous sphere (fig.
14-10), and within seconds, a brilliant aurora

appeared from the bottom of the fireball and
purple streamers were seen to spread toward
the north. The aurora was observed at a
distance
2,000 miles from the detonation,
though the fireball could not be seen there.

cavern caved in, but radioactivity was not spread
to the surface beyond the cave-in. Most of the
radiation was retained in the molten rock, which

congealed to glass. The shock caused seismic

signals several hundred miles away. A 1.7
kiloton nuclear device was detonated in the
RAINIER shot.

HIGH ALTITUDE BURSTS

A high-altitude burst is defined as one in

which the explosion takes place at an altitude in
excess of 100,000 feet. Above this level, the air
density is so low that the interaction of the
weapon energy with the Surroundingiis markedly
different from that at lower altitudes, and varies
with the altitude. The fireball characteristics
are different at high altitudes. The fraction. of
the energy of fission .converted into blast and

619315
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Figure 14-10.Fireballand red luminous spher-

ical wave formed after the TEAK high-altitude
shot. The photograph was taken at Hawaii, 780
miles from the explosion.
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The extreme brightness of the fireball is
capable of producing effects on the eyes at

EFFECTS OF NUCLEAR EXPLOSIONS

The effects of nuclear explosions may be

great distances.
The TEAK shot was made at an altitude of

classed as immediate and delayed effects.

nearly 50 miles, and the ORANGE shot was Those which occur within a few minutes after
made at an altitude of about 27 miles. The ef- the explosion include air blast, ground or underfects of the denser air in the ORANGE shot were water shock, thermal radiation, and initial
clearly shown in the smaller size and lesser radiation. The delayed effects are chiefly
speed of the fireball and the diminished aurora. those of radiation from fallout and neutroninduced radioactivity, but fires caused by effects of blast and shock may be considered
Effect On Radio and Radar
delayed effects.
Commnications
'DAMAGE CRITERIA

The detonations caused widespread dis-

turbances in the ionosphere which affected the
propagation of radio waves and other electro-

Basic Graph

lengths. The TEAK and ORANGE shots disrupted
radio communications in the very-low-frequency

explosionwhether "conventional" or nuclear
it is convenient to represent the various intensities or damage, and the areas subjected

magnetic radiations of relatively long waverange at distances over 3,000 miles from explosion,. Other frequencies were affected for

different lengths of time and different distances.
The disturbances caused by the initial radiation
can be continued by the fallout radiation. This
may occur hours after the detonation, continuing
the communications blackout for many hours.
The effects on radar are similar if the signal
must pass through the ionosphere. Interference

with search and tracking radars in weapons

In assessing the damage caused by any

to each intensity, as a series of concentric
circles about the detonation point. See figure
14-11.
Of course figure 14-11 is a simplified and
generalized graph. To show the data gathered
from the study of any particular explosion, this
graph will have to be modified in one or several
ways. For a nuclear explosion, the several

kinds of damage, and their separate or combined
systems can be important, even critical.
effects on equipment and personnel, are so varied
From observations of the high-altitude test that a series of graphs oftenbecomes necessary
shots, some charts have been prepared to show to tell the story.
the effects on electromagnetic radiations used
in radio and radar. Factors that influence the
effects include moisture content of the air,
density, of the air, wavelength used-by the radio
or radar, height of the burst, energy yield of the

burst, location of the radio or radar station
with relation to the burst, and anumber of other
factors. With so many variables affecting the

fi

result, it is difficult to -predict just what will
happen to the communications of a 'particular
installation.
Although. we have spoken of electromagnetic
disturbances in 'connection with high altitude
burst, no matter where the burst occurs ,there
are, inevitably some disturbances. A 'somewhat
sianilar ,explosiVeTexcited occurrence in nature
is lightning. The technical aspects of effects
on radio 'and radar are not completely under-jA
stood, but a reasonably accurate picture of ef-

fects of the btirit on electromagnetic signals
can be computed' from the facts revealed by
tests of nuclear devices.

100.49

Figure 14-11. Zones of damage by an explosion.
-
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It may be desirable, also, to show a larger
number of damage intensities than the four
indicated in figure 14-11.
In actual practice there

granted. In a nuclear explosion at or below
the surface, nothing within or near the fireball
will be salvageable. With an air burst (except
a very high one), ground zero and a greater or
lesser area surrounding it can be considered
completely demolished. For a nuclear weapon
of any type, the area of TOTAL destruction is

are no lines of

demarcation between one damage area and
another. Furthermore, the damage areas will
seldom be perfect circles; sometimes they
will vary greatly from the circular form, except on the open sea. Winds, geographical
features, and other factors can deflect the contours of the areas a great deal. Nevertheless,
for preliminary considerations, figure 14-11 is

many times larger than for a conventional

weapon of comparable size. Figure 14-12
illustrates graphically the damage areas for
the different effects of nuclear explosions compared with explosion of conventional chemical

a useful tool for defense and recovery planning.

explosives.

The size of the areas within which various
degrees of destruction may be expected depend
primarily upon the energy yield of the explosion

Damage Areas

In- any effective explosion of bomb type
ammunition, there is a large or small area about
the point of burst where total destruction of
equipment and personnel must be taken for

and the conditions of the burst, that is, air
burst, surface burst, etc., and the height or
depth of the burst. The topography and the
weather also affect the size of the areas.
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duty, even in this area, would be to watch for
fires and get them under control.
This chapter will not go into details about
"atomic defense" or "disaster control." As a
junior officer you will receive further indoctrination in fundamental procedures and will be
assigned a definite responsibility for some part
of the total program of your ship or station.

The general conclusions concerning ex-

pected effects of nuclear explosions on various
targets are based on a combination of theoret-

ical analysis with data obtained from actual
nuclear explosions, both in Japan and at various

test sites, as well as from laboratory studies.
While no exact prediction of the effect on specific

types of structures can be made, the conclusions are considered to be most represent-

SHIP DAMAGE. The various degrees of ship
damage that may result from nuclear detonations

ative for the situations that might be encountered
in actual target complexes.
DAMAGE ZONES ASHORE.In the area im-

are grouped into damage categories. These are
standard Navy definitions that apply to surface
vessels. Each category is defined to describe
the extent of impairment or loss of operational
capability through material damage.
) Sunk.That degree of damage which results
ih Tarof the ship due to uncontrollable flooding
or loss of longitudinal strength.
Immobilized.That degree of damage to the
mar pThYMrion equipment or its vital auxiliary
machinery which precludes maintaining steerage way. Repairs at sea are impossible; salvage
or own destruction required.

mediately surrounding ground zero (zone A,
fig. 14-11), destruction is usually total; no
personnel or ordinary buildings have much
chance of survival. In the Japanese bombings,
although some earthquake-resistant buildings
were not demolished, the interiors were destroyed and all people in them were killed or
died soon afterward from radiation received.
Zone B, the area of severe or heavy damage,
is about three times as large as zone A. In this
area personnel injuries and damage to buildings
would be severe, but not complete. Many buildings, much equipment, and many persons would
be lost, either within afew seconds after detona-

I Severe Damage.That degree of damage
wrucn renders the ship barely capable of making
headway to the nearest facility either afloat or
ashore. The military efficiency of the ship is

tion or as a result of secondary phenomena.

Loss of the ghip is imminent in

Some buildings and equipment, and some people

near zero.

The final number of casualties in the
heavy damage area would depend, in part, on the

damaiiMToplariftrucrurd, armament, equip-

as well, might suffer only minor primary

followup attack. AO - 1,6-010 &Wide-

4 Severe Topside Damage.That degree o

damage.

speed, level-headedness, ingenuity, and cooperation displayed by disaster-recovery personnel, and all personnel in the area, as well as on
previous preparation for the emergency.
The C. zone is a still larger circular belt of
lesser damage surrounding the B zone.. In the
zone of MODERATE damage, there would, of
course, be some heavy damage to light equipment and structures. There would also be some

fatalities and severe casualties to personnel.

Some persons, however, would be unharmed, and

many would be able to do useful work after
receiving simple first aid. The great problems
would be (1) to prevent panic and (2)to utilize all
able-bodied (and mentally or emotionally competent) personnel in damage control and disaster
recovery. At a shore station, fire fighting

ment, and appurtenances which destroys or seriously impairs the offensive aspects of military
efficiency. Retirement from action at or near full

power however, is possible. Restoration requires availability of a repair facility.

r

Damage. That degree of damage
to some vital ship control equipment or offensive

armament which prevents the ship from effectively carrying out her assigned mission. Outside assistance is required to restore casualty.
Ship is capable of retirement and has reasonable
capability for self-defense.
IsOcArAtellamage.,That degree of damage
that is within the capability of the ship's force
to restore to an extent which willpermit limited
offensive employment of the ship. Repair

(possibly with severely damaged equipment)

would be vitally necessary.
Within the zone of SLIGHT4damage, the main
problems would be to prevenipanic, to ascertain

that previously trained teams and. groups are

functioning properly, and to make such adapta-

tions as are ordered by higher authority. One
318
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facilities are required to restore full military
capability.
Light Dam

That degree of damage that
is1VithlrrtreTmmeaiate capability of the ship's
force to restore at sea and which will restore
full military capability.
In modern naval formations, the most ships
would probably be in the damage-survival area.

4
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The non-nuclear effects occur very quicklyin
seconds to minutes after the burst. Of these,
the mechanical effects can cause damage
throughout the ship, but the thermal radiation
can cause damage only to the surface exposed

directly to the radiation. The types of damage
and modes of destruction or damage are described in succeeding paragraphs. The conclusions reached about damage to ships are

blow. After the peak, the atmospheric pressure

at the given point gradually drops back to normal.
Shortly afterward, the pressure is reduced below
normal by the suction phase of the explosion. The

drop below normal is never as great as the
previous rise above it; but it, too, can cause
damage.

Massive, comparatively low buildings of
reinforced
concrete, and low masonry buildings
based on the observations of tests with nuclear strengthened
by heavy steel skeletons, are the
devices.
Effects on shore structures were only structures
likely to withstand 15 or more
determined by studies of the results of the psi (pounds per square inch) of peak overpresJapanese bombings and of the tests made at the sure without severe damage.
Light wood
Nevada test site and at Eniwetok. Structures of or masonry
buildingstypical
living
different materials and of differentconstruction accommodationsreceive moderate damage
were placed at varied distances in each of the from 2 to 3 psi overpressure. How far this
several tests. Effects on personnel were amount of overpressure is from ground
zero
studied following the Japanese
bombings.

depends on the height and the energy of the burst.

In Japan, nearly everything at close range, except structures and smokestacks of reinforced
was destroyed. Telephone poles were
As already mentioned, an air burst of a concrete,
snapped off at ground level; large gas storage
nuclear weapon above a target has tremendous tanks were ruptured and collapsed by the crushdestructive capability and therefore great mil- ing action of the blast wave.
itary usefulness. For a short distance from the
Naval vessels are constructed to withstand
fireball, the blast damage from a surface burst battle
shock and constant pounding from the
may be even greater, but the effective range waves. Peak overpressures of 5 psi causelight
tends to be shorter. Blast damage can also stem damage to most types of surface
ships, while
from shallow subsurface bursts.
overpressures required for severe damage vary
The primary difference in blast effects from from 25 psi for destroyers to 40 psi for
a nuclear explosion and from high explosives is cruisers. A ship's boilers, uptakes, andheavy
venone of magnitude; the nuclear explosion pro- tilation system are especially vulnerable
to
duces many times the damage of the high ex- overpressur e.
plosive. Another important difference is in the
Some tanks and other heavy-duty shore equipblast wave (fig. 14-12). In a nuclear explosion, ment
have withstood 20 to 30 psi.
the combination of high peak overpressure, high
Strangely
enough, the human body has been
wind (or dynamic) pressure, and longer duration known to stand
short-term overpressures up to
of the positive (compression) phase of the blist 100 psi without severe or permanent
wave results in mass distortion of buildings, The sharpness of the rise and the lengthdamage.
of time
similar to that produced by earthquakes and under pressure make a difference.
hurricanes.
Laboratory and field studies with animals
Blast damage from a nuclear explosion really indicate that a peak overpressure of 35 pounds
has two distinct causes. One cause lathe over- per square inch (if the rise time is short) with
pressure that has already been defined and positive phase duration of 400 milliseconds (0.4a
described. The other cause is the drag exerted second) can cause death in human beings. The
by the nuclear windstorm.
direct blast effect was not specifically recognized as a cause of fatality in Japan, but it no
doubt was a significant cause of death in a laege
Overpressure Damage
number of those who received additional lethal
injuries from thermal and nuclear radiations,
A given point in space is subjected to peak flying debris, falling walls, and fire. It was imoverpressure when the primary blast wave (or, pftsible to assign the specific cause of death of
in the Mach region, the Mach wave) strikes it. those who were in the zone of greatest damage.
This is the time when a structure or vehicle is Beyond that zone, many must have died
because
most liable to collapse, as though from a hard of the complete disruption of medical services.
AM BLAST
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graphs, and charts may be found in the refer-

Of those who survived, lung hemorrhage was
reported, but other injuries usually complicated
the picture. Ruptured eardrums were more
common. Temporary loss of consciousness was
reported by some who survived with no other
apparent serious injuries.

Direct blast injuries that result in early
death are air (emboli) in the arteries, lung

damage, and heart injury which cause death
upon even slight activity after injury; various
bone fractures, severing of major blood vessels, violent impact, and others. As pointed out
above, it was impossible to determine incidence
of specific injuries or specific overpressures in
the Japanese cases. Direct blast injuries have
been caused by conventional explosives, but the
situation is different because of the short
duration of the positive pressure phase in conventional explosions, which may be from about 1
to 15 milliseconds.

ences cited in the bibliography.
Drag, rather than overpressure, is the blast
phenomenon that seriously threatens the many
personnel who might otherwise suffer only slight
injuries. The winds of a nuclear explosion can
impel heavy or sharp objects with tremendous
force, thus converting everyday materials into
deadly weapons. A man who has survived peak
overpressure intact may leave cover too soon,

only to be killed by a brickbat hurled against
his temple, or a glass splinter driven into or
through his body. This is "missile hazard."

Table 14-1 and figure 14-13 given some indication of the relationships between overpressure, wind velocity and dynamic pressure (drag
force). Dynamic pressure is a function of the
wind velocity and the density of air behind the
shock front. Like the peak shock overprtcrure,
the peak dynamic pressure decreases with in-

Drag Damage

creasing distance from the explosion center,
although at a different rate, as can be seen in
the illustration. (The dynamic pressure de-

Damage from a nuclear air burst is caused
by static pressure variations, wind (or dynamic)
pressure, and flying objects. Most of the damage
to structures is caused by the positive phase of

said that certain structures are more susceptible to damage by the drag forces in-

the pressures; however, there are some structures which suffer greater damage from the
dynamic pressure. Pressure produced on a
building as a result of overpressure is known
as ."diffraction loading." The air pressure
bends or "diffracts" around the structure so that
the structure is eventually engulfed by the blast
wave, and approximately the,same pressure is

Yti

creases more rapidly than does the shock overpressure.)
For the purpose of this orientation, let it be

herent with air blast, while others are more
sensitive to shock overpressure. The material

used in the construction is only one of the
factors influencing the effects of the blast force.

exerted on the side walls and the roof.

Forces produced on structures as a result
of dynamic pressure are known as "drag loading." This type of loading is caused by the

:'E

transient winds behind the blast wave front,
and they push and pull or drag the structure
down.

An air burst is characterized by violent winds
blowing radially outward from ground.zero and,
a short time later, by afterwinds blowing inward.
The 'drag of. these winds is particularly destructive to lightweight walls, and to tall objects such
as antennas and flagpoles. .Power lines, bridge
spans, and parked vehicles are also vulnerable
,.
to drag.
.. Tables have been compiled to .show thetypeei
of. buildings, structures, -and,.eqtdpment most
often affected:by each.type of. pressure,and.the
type:and extent of damage suffered. Such tables,

VINEEnsuma

YNAMIC PRESSURE
AMBIENT

ARRIVAL
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100.31

Figure 14-13.Variation of overpressure and
dynamic,
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pressure with time at a fixed location.
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Table 14 -1.. Overpressure, Dynamic Pressure,
and Wind Velocity in Air at Sea Level for an
Ideal Shock Front

Ground Shock

As has already been mentioned, ground shock

resembles a small earthquake, except that it

P"'"

Peak
over-

pressure
(psi)

Peak
dynamic

pressure
(psi)

72
50
30
20

80

40
16
8

10
5
2

2

0.7
0.1

originates much nearer the surface.
Ground shock is a threat to land-based personnel, because it can demolish or damage underground shelters. In the bomb crater, of
(+ad) Movjcourse, these would be totally destroyed. For
a short distance beyond the actual crater, the

Maximum
wind
velocity
1170
940
670
470

290
160
70

The method of construction, size and shape of
the building, and orientation with relation to the
blast are some of the other factors in the damage resulting.
.Considerable information on the effects of
blast on. different types of structures was obtained in tests at the Nevada Test Site, where
different types of residential structures were
constructed for the purposes of the test. Fallout
shelters were built into many of. the basements
of these test structures, and provided invaluable
information needed for recommendations on con-

zone of total destruction would continue. Beyond
that would be a zone of heavy damage consisting

of severe distortion and partial collapse.
The effects of underground shock tend to fall
off rapidly, however. Too, when shock ceases to
be severe, effects from it become almost negligible. In a subsurface burst, if any part of the

fireball breaks through the surface, the blast
damage above ground is likely to be more ex-

tensive than the shock damage below it.
Buried utility pipelines would be destroyed

within the crater and would be damaged at
distances up to three times the radius of the
crater.

Near the crater, the pipes themselves
would rupture. Farther out, the joints, especially
between horizontal pipes and risers, would tend
to rupture.
Well constructed tunnels and subways, particularly in granite bedrock, are resistant to underground shock. Complete demolition would be

struction of fallout shelters.

likely to occur only within or near the bomb
crater.

NuclearHigh Explosive Comparison

shock is related directly to the size of the

Although the blast effects of nuclear and conventional explosives were compared in the begin-

ning of this chapter, an additional difference
between the two should be pointed out here. The

combination of very high peak overpressures,
together with the much longer duration of the
positive, phase of the blast wave froni nuclear
.

explosion:4 results in "mass distortion" of

buildings and structuressimilar to that caused
by earthquakes.. An ordinary explosion will

usually. 'damage only part of a large- building,
but the nuclear blast can surround and destroy
it entirely.
SHOCK

When all or part of the fireball strikes or is
formed, below the surface, a shock front in the
earth (or water) corresponds to the blast front
in the air.

As might be expected, the severity of ground

detonation. However, other factors are involved.
The type and condition of the soil, the material

and type of construction of the underground

structures, and the orientation of the structures
with relation to the explosion all influence the
type and extent of damage. Shallow buried
structures and utility pipes beyond the crater
and rupture and plastic deformation zones are
likely to suffer more damage from the air blast
loading than from ground shock. Structuresthat
are partly above ground and partlybelow ground
will, of course, also be affectedbythe direct air
blast.
Underwater Shock
.,A shOck wave formed under the surface of the

water behaies much like a similar wave in air.
Since water is a denser fluid than air, the values
of normal pressure and overpressure are correspondingly higher. The reduction after peak

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

overpressure is more gradual than in air. On at least weaken the hull. Second, it may distort,

the other hand, the duration of the shock wave
in water is shorter than in air.

rupture. or break loose any of the various ship's
comr yuents or installations. Piping, shafting,
The velocity of sound in water under normal-% air vents, and boiler brickwork are Tiusceptible
conditions is nearly a mile per second, almost to damage. Platforms supporting heavy equipfive times as great as in air. When the peak ment may be weakened or thrown out of proper
pressure is high, the velocity of the shock wave alignment. Light objects may be thrown about so

is greater than the normal velocity of sound.

The rate of motion of the shock front becomes
less at' lower overpressures and ultimately approaches that of sound, as it does in air.

The shock wave in water may produce a
reflected wave by strildng the bottom or any
rigid submerged object. If conditions
favorable, the primary wave and the reflected)
wave may fuse to produce a phenomenon comparable to the Mach front in air.
When the shock wave touches the upper (or
air) surface of the water, apeculiar phenomenon
occurs. Because air is lighter and less resistant

than water, the wave reflected back from the

contact point is a RAREFACTION (or suction)
wave. When the Parerfaetten-wave reaches any
given point below the surface, a sharp pressure
reduction, called CUTOFF, occurs. This neg-

ative pressure phOrts me short duration. The
time interval between the arrival of the direct
shock wave at a particular location (or target) in
the water and that of the cutoff, signaling the ar-

rival of the reflected wave, depends upon the
depth of burst, the depth of the target, and the
distance from the burst point to the target. If
the underwater target (ship bottom) is close to
the surface, then the time elapsing between the
arrival of the two shock fronts will be small and

the cutoff will occur soon after the arrival of
the shock front. This may result in a decrease
in the extent of damage sustained by the target.
One phenomenon tends to neutralize the other,
thus reducing the damaging power of the explosion. For shallowly submerged targets, therefore, nuclear weapons may not always be fully
effective.
The primary shock wave of an underwater
nuclear explosion strikes the target ship or other
object with a sudden violent blow. Inthis action
a nuclear weapon resembles a conventional one
with one significant difference. The conventional
weapon, dedivers its blow at a single point or over

a comparatively small area, while the nuclear
explosion acts simultaneously over a large area
with all encompassing force.
Underwater shock damages a vessel in one
(or both) of two ways. First, it may rupture or

I

violently that they become a serious threat to
personnel. Electronic, fire control, and guided
missile equipment is likely to be rendered inoperative, at least temporarily. The damage to
equipment appears to be related to the peak
velocity imparted to the equipment by the shock

The damage to the hull of the ship is
related to the energy per unit area of the shock
wave, evaluated up to a time corresponding to
the surface cutoff time at a characteristic depth.
wave.

In the Bikini underwater test, light interior

equipment, especially electronic equipment, was
damaged at ranges considerably beyond the limit
of hull damage.
Part of the shock energy of a shallow under-

water burst is transmitted through the surface
as a shock (or blast) wave of air. This air blast
caused some damage to ship superstructures in
the tests.
In the effects just mentioned, an underwater
nuclear burst is similar to a conventional mine
or depth charge. The major difference lies in
the extended damage radius of the nuclear weapon. The nature and extent of damage sustained
by a surface vessel from underwater shock will
depend upon the depth of the burst, yield, depth
of water, range, the ship type, whether it is operating or riding at anchor, and its orientation
with respect to the position of the explosion. In
vessels underway, machinery will probably suffer somewhat more damage than those at anchor.

Underwater structures such as harbor instal-

lations, are damaged by the shock wave. In the
Bikini test, the floor of the lagoon was drastically
altered by the explosion.

From studies of the underwater burst at

Bikini, charts have been prepared to show the

extent of the various effects of such an ex-

plosion at different depths and distances. Some
70 ships of different types were placed in and
near the test area. Figure 14-14 shows the exterior damage to one of them. Analysis and
evaluation of the damage produced much valuable
information on the effects of underwater bursts,

and, conversely, ideas on how to .prevent or
minimize damage.
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Figure 14-14.Flight deck of carrier Independence after test at Bikini. Blast pressure entered
the hangar deck from the side, through rupturing of side curtains. Flight deck was bulged upward
whereas hanger deck below was dished downward.

THERMAL RADIATION

ever, the larger the yield of the weapon, the

Description

this seven-tenths of a millisecond from time

longer will be the PERIOD of luminosity. Within

of detonation, the fireball of al-megaton weapon
Within a few milliseconds after the detona- will have reached a diameter of 440 feet. The
tion of a nuclear weapon, intensely hot gases, at fireball increases to maximum diameter of abut
tremendously high pressures, rapidly form a 7200 feet at plus 10 seconds. It is then r33ing
highly luminous mass known as the "fireball" at the rate of approximately 200 mph. After a
or "ball of fire." At about seven-tenths of a minute, the ball of fire has cooled to an extent
millisecond, the fireball from a 1-megaton that it is no longer visible.
nuclear weapon would appear to be more than
The nuclear explosion has often been com30 times as bright as the sun at noon to an 'ob- pared to the conventional high explosive detoserver 60 miles away. Although the size of nation in that, except for the yield and nuclear
the fireball will vary with the bomb energy, radiation involved, they can be considered
the luminosity does not vary greatly. How- similar. When referring to thermal effects,
23
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bursts below 50,000 feet.

this can be a poor comparison because of the
very large proportion of energy released as
thermal radiation by a typical nuclear explosion. As was illustrated in figure 14-1, over
one-third of the energy of a typical nuclear

(In high altitude

bursts there is only one thermal radiation pulse. )

In a 1-megaton nuclear explosion, the first
pulse lasts for about a tenth of a second. The
temperatures are very high, and much of the

radiation is in the ultraviolet region. The
situation with regard to the second pulse is

explosion manifests itself in the form of thermal
radiation. Too, the temperatures involved in a

nuclear explosion are much higher than with

quite different. This pulse may last for several
seconds and it carries about 99% of the total

conventional explosives.

Thermal radiation travels with the speed of ftermal radiation energy of the nuclear explosion. The temperatures are lower thaninthe
first pulse, and most of the rays reaching the
at a target a few miles away, is quite insignif- earth are visible or infrared (invisible) light.
icant.
It is this radiation that is main cause of skin
zlichlikethajouLikenrabadiates burns suffered by exposed individuals up to 12
ultraviolet (short wave length) as well as via; miles or more, and of eye effects at even
ble and infrared (long_ wave leogthi rayq... Due greater distances from a 1-megaton explosion.
to certain phenomena associated with the ab- The warmth may be felt as far away as 75 miles.
sorption of thermal radiation by the air in Since thermal radiation is largely stopped by
front of the expanding fireball, the SURFACE ordinary opaque materials, buildings and clothtemperature undergoes a curious change. While ing can provide protection. The radiation from

light, so that the time elapsing between its
emission from the ball of fire and its arrival

the interior temperature of the fireball falls the second pulse can cause fires to start at
steadily, the surface temperature decreases considerable distances from the burst. This
more rapidly for a small fraction of a second,
then it increases again for a somewhat longer
time, after which it falls continuously. In
other words, there are effectively two surface-

difference between the injury ranges of thermal

radiation and the other effects mentioned becomes more marked with increasing nuclear
weapon yield..

temperature pulses,-the first of very short

duration, the second lasting for a relatively long

period of time (fig. 14-15). These surface-

The most important physical effects of the
high temperatures resulting from the absorption
of thermal radiation are: burning of the skin and

scorching, charring, and possible ignition of
thermal energy radiated from the fireball in combustible organic substances such as wood,
temperature pulies correspond to the pulses of

fabrics, and paper.

Thin or porous materials, such as lightweight fabrics, newspaper, dried grass, and

dried rotted wood, will flame when exposed to

sufficient thermal radiation (with adequate

oxygen supply).
'11.9
1-

6

6>
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Effects on People

6.

Thermal radiation can be the cause of flash
burns or flame burns. Flash burns are directly
caused by the radiant energy of the fireball.
Flame burns are distinguished from flashburns
in that they are caused by fire, no matter what
the origin. Flame burns occur as a secondary
result of thermal radiation, for example, those
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resulting from the fires started by thermal
radiation.

100.37

Figure 14-15.--Emission of thermal radiation
in two pulses in an air burst.

The very large number of flash burns was
one of the most striking facts about the nuclear
bombing of Japan in World War II. It has been

estimated that 20 to 30 percent of the fatal
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casualties at Hiroshima and Nagasaki were due

to flash burns, as distinct from flame burns.
Though significant, it should be realized that
these illustrated results were magnified because the atmosphere was very clear and the
summer clothing worn was light and scanty.

Moderately large doses of ultraviolet ra-

diation can produce painful blisters. Even small

doses can cause reddening of the skin. How
ever, in most circumstances, the first pulse of
thermal radiation is not a significant hazard as
far as skin burns are concerned.

conditions (clouds, smoke, moisture content),
and the atmospheric pressre.
Figure 14-16 in included to shoW the ranges
for moderate first-, second-, and third-degree
burns from nuclear explosions. The graph is
computed assuming a typical air burst with clear
atmospheric conditions prevailing. For atypical

surface burst, the distances would need to be
scaled down to about BO per cent of those stated.

If the detonation takes place at high altitude
where the air pressure is quite low, the situation

is different.

If the atmosphere is hazy the
Perhaps the most serious consequence of distances shown on the chart may be too great.
thermal radiation is its ability to produce serious They are certainly too large if there is a subburn injury to personnel at long ranges.

Conventionally, burns are classified according to their severity, in terms of degree
(or depth) of injury. In first-degree burns
there is only redness of the skin. A moderate
sunburn is an example of a first-degree burn.

Healing should occur without special treatment
and there will be no scar formation.

Second degree burns are deeper, more

severe, and are characterized by the formation
or blisters. A severe sunburn is an example of
a second-degree burn.
In third-degree burns, the full thickness of
the skin is destroyed. 'Unless skin grafting
techniques are employed, there will 'be scar
formation at the site of the injury.
The extent of the area of skin which has been
burned is also important. Thus, a first degree
burn over the entire body may be more severe
than a third degree burn to one spot. The larger
the area burned, the more likely is the appearance of ''symptoms involving the whole. body.

stantial cloud layer of smoke below the point of

burst.
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Further, .there are certain critical, local
regions, such as the hands where almost any
degree of burn will incapacitate the individual.

In other words, all persons exposed to
thermal radiation from' a nuclear explosion

within a range in which the energy received is

sufficient to cause second-degree (at least)

flash burns, will be potential casualties. Some
will be protected to, some extent againstthermal
radiation and may not be incapacitated.
From information available, calculations
have been made' of the thermal radiation neces-

sary to produce each degree of btirn. Differences
in skin pigmentation'cluie variations but an
average : used. Other 'variations that are in.'.
eluded in ',the computations are the size of the
burst,- the height of the burst,' the atmospheric

.
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Figure 14-16.Ranges for first- second- and

third degree burns as a function of total energy
yield.
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Eye Damage

Effects Upon Materials

Another danger of a nuclear explosion is its
When thermal radiation strikes any material
possible affect on the eyes. Thermal radiation or object, part may be reflected, part will be
can cause both retinal burns and flash blindness. absorbed, and the remainder if any, will pass
The first pulse of thermal radiation, which through and ultimately strike other materials.
seldom causes skin burns, is, however, capable It is the radiation absorbed that produces the
of producing retinal burns (permanent
ermanent or tem- heat damage suffered by the material. The nature
porary effects on the eyes), especially in in- of the material and its color deter mine the extent
dividuals who happen to b e looking in the direction or amount of absorptimi of the radiantheat.

of the explosion. Numerous cases of flash blindTables have been compiled showing the
ness (temporary) were found among the Japanese, radiant exposure required to ignite different
but only one case of retinal injury was reported. types of fabrics, household materials, and forest
This is because of the more or less remote fuels. Table 14-2 lists some of the materials
chance that an individual will be looldngdirectly and the approximate number of thermal calories
at the ball of fire. The chance of temp arary per square centimeter required to produce the

or charring effect. The chart in figure
"flash blindness" or "dazzle," due to the burning
14-17 shows the thermal energy received at
flooding of the eye with brilliant light was much
more prevalent than retinal burns. Flashblind-

various slant ranges from different size weapThe figures given are not absolute, since
ness is of a temporary nature and vision is , ons.
different
conditions of the atmosphere cause
regained within a comparatively short time.
variations
in the amount of thermal energy
However, flash blindness is of military signifreaching a certain point. The graph assumes a
icance, since it may extend to 2 or 3 hours.
Because of the focusing action of the lens of reasonably clear state of atmosphere, that is,
the eye, enough energy can be collected to a visibility of 10 miles or more.
produce a burn on the retina at such distance

from a nuclear explosion that the thermal

Table 14-2

radiation intensity is too small to produce a skin
burn. As a result of accidental exposures during

nuclear tests, a few retinal burns have been
experienced at a distance of .10 miles for the

explosion of a 20-KT weapon. It isbelieved that
under suitable conditions, suchburns might have
resulted at even greater distance. Retinalburns

occur so soon after the explosion that reflex

actions such as blinking and contraction of the
eye pupil, give only limited protection. In all instances, there will be at least a temporary loss

of visual acuity, but the ultimate effect will
depend on the severity of the burn and on its

location on the retina.
Eye damage is greater under nighttime conditions. In tests, with rabbits and a high altitude
.

burst of 1-megaton, chorioretinal burns occurred at slant ranges up to 345 miles. No

Effects

Approx. caljcm2
required:
1 KT 100 KT 10 MT

Second-degree bare
skin burn
Newspaper ignition
White pine charring
Army khaki summer
uniform destruction
Navy white uniform
destruction

4
3
10

5
5

9

18

32

18

31

56

34

60

109

9

Thermal energies are expressed in calories

measurements were made beyond that range, so
it is not known how far away retinal burns might
have occurred. Although there are differences

per unit areasquare centimeter. Note that
the amount of energy required for burning,

endangers the eyes of human beings atdistances
greater than 200 miles, and possibly as far as the
eye can see.

by each unit area of exposed material, the
damage will be greater if the energy is de-

charring, etc., varies inversely with the yield
of the nuclear weapon. This is because of the
have not been extrapolated for human eyes; it is rate, at which the energy is delivered. For a
believed that a 1-megaton high-altitude burst given total amount of thermal energy received

between human and rabbit eyes and the data

livered rapidly than if it is delivered slowly.

.4
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This means that in order to produce the same
thermal effect in a given material, the total
amount of thermal energy (per unit area) received must be larger for a nuclear explosion
of high yield than for one of lower yield,
because the energy is delivered over a longer
period of time, i.e. more slowly, in the former

20

10

"nil

71

,era

case.

17

Unless scattered, thermal radiation travels
in straight lines like ordinary light. For this
reason any solid, opaque material, such as a
bulwark, gun shield, hill, or tree, between a

given object and the fireball will act as a SHIELD
and thus provide protection from directthermal

radiation.
These effects were seen inJapan in the areas
beyond the areas of complete destruction. The
sides of telephone posts facing the blast were
charred and blackened while the opposite side
was unharmed.. The same effect was seen on
other materials and objects.
The chart in figure 14-17 may be used to
estimate the distance at which specific materials
are likely to,be ignited by a certain size nuclear
burst. For example, how far from a .1-megaton
burst can you expect 'ignition of household items
such as. oilYdustmopa, oily rags, and crumpled
newspapers? The average radiant exposure re-
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quired for -ignition of such items is 5 calories
SLANT RANGE FROM EXPLOSION (MILES)
per square. centimeter (5cal/sq..cm). On the
chart, follow the line for 1 mt. until it intersects
100.83
the slant line for 5 cal/sq.cm., which you'llfind Figure 14-17.Slant ranges for specified
exis 11 miles. On an average clear day, fires will posures as function of energy yield of the
be started by absorption of thermal radiation in
explosion.
the materials named. Under other conditions,
this distance is decreased.
Fires that are caused directly by thermal buildings, the nature of the terrain, the weather
radiation are called primary fires. Secondary conditions, and the adequacy of the defense.
When a large area is burning simultaneously,
fires are due to other causes, for which the
blast is respoasiblev such as upset stoves, the phenomenon known as "fire storm" may
broken gas. and fuel lines and electrical short develop. Individual fires merge into one gigantic
circuits. The evidence from Hiroshima -and inferno. As a result of the huge masses of hot
Nagasaki indicated that the great. majority of air and gases rising from the fire, air is sucked
fires were secondary in origin. Even though in with great force. Strong winds consequently
from outside toward the center of the area
few fires may be started by the radiant heat blow
from a surface.' burst, there will be many fires on fire. The effect is similar to the draft that
of the secondary type due indirctly to the blast sucks up a chimney under which a fire is burning,
except that it is on a much larger scale. Everydaniage.
thing combustible in the area is burned. A fire

FIRE STORM.No matter what the im-

mediate. cause, a nuclear burst over a built-up
area will result in many fires burning simultaneously over a wide area. Once the fires have

started, the chances' of their spreading will
depend on the combustibility and closeness of the

storm, is not produced only by a nuclear exposion

nor does it necessarily follow one. A fire storm
can be caused by an earthquake that results in

many "secondary" fires (San Francisco), or
from a forest fire, or incendiary bombs. The
great Chicago fire, started by Mrs. O'Leary's
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cow, became a fire storm. The incidence of
fire storms is dependent on the conditions existing at the time of the fire. Although many
fires were started in Nagasaki by the explosion,

there was no definite fire storm because the
winds blew the fire toward a thinly populated
narrow valley where there was little material
to feed the fire.

RESISTANCE OF MATERIALS TO
BURNING.Highly reflecting and transparent
substances do not absorb much of the thermal
radiation and so are relatively resistant to its
effects. A thin material will often transmit a
large proportion of the radiation striking it, and
thus escape serious damage. A dark fabric will
absorb a much larger proportion of thermal
radiation than will the same kind of fabric that
is white. However, a light-colored material
which blackens (or chars) readily in the early
stages of exposure to thermal radiation will,
behave essentially as a dark material regardless of its original color.
Some bizarre skin burns were seen among
the Japanese population. The pattern of the dress
fabric was burned into the skin, with the deepest
burns matching the dark stripes or pattern of the
fabric.

Thick organic materials, such as plastics,
heavy fabrics, and wood more than 1/2 inch
thick, char but do not burn. Dense smoke,
even jets of flame may be emitted, but the

material does not sustain ignition. This type of
behavior is illustrated in the photographs taken
of a white-painted wood frame house during one
of the nuclear tests in Nevada. As figure 14-18A

Figure 14-18.Effects of thermal radiation on
white-painted exterior of wood frame house:
A. Almost immediately after explosion; B. Effects as seen about 2 seconds later.

indicates, at virtually the instant of the explosion,

the house became covered with thick black
smoke, and no sign of flame. Very shortly
thereafter, but before the arrival of the blast

as important a part in attenuating thermal radiation as was once suspected. When visibility is
in excess of 2 miles (light haze or clearer), the
total amount of thermal radiation received will

wave, the smoke ceased, as indicated in figure
14 -18B. The white paint coat reflected part of
the thermal radiation and reduced the chance of
fire. Presumably because the heat was partially
conducted away from the surface, the temperature was not high enough during the short effective radiation pulse for the wood to ignite;

be essentially the same as that on an "excep-

tionally clear" day (visibility more than 30

miles). This is because any decrease in direct
radiation is largely compensated for by an increase in scattered radiation.
When visibility is less than 2 miles because
of rain, fog, or dense industrial smoke, there
will be a definite decrease in radiant energy

however, thin combustible material would

probably burst into flame at the same location.
Range of Thermal Radiation
ATMOSPHERIC CONDITIONS also play a part

in the amount of thermal radiation received by
a particular object. However, they do not play

(thermal) received at any specified distance.
CLOUDS can also affect the amount of radiant, energy received. For example, if an ex-

plosion occurs about a cloud layer, there will
be considerable attenuation at ground level.
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Conversely, should an explosion occur beneath
a cloud layer, some of the radiation which

would normally have been lost to space will be
scattered back to earth.
Artificial white (chemical) SMOKE can be
used to attenuate thermal radiation, for it acts
like fog in this respect. A dense smoke screen
between the point of burst and a given target

can reduce thermal radiation to as little as

off during the first minute by the radioactive
fission produ
w the rising cloud. In that
first minute the mounts of gamma radiation
from the explos n and from induced activity
are about equal.

Some alpha and beta particles are also

emitted, but these have such short ranges and

little penetrating power that they are not a source

of danger in that first minute. Alpha particles
can travel only 1 to 3 inches in air before being
have been received at the target. However, stopped; beta particles can go several hundred
there is not likely to be time to throw up an times farther, but even with their greater speed,
effective smoke screen in case of a nuclear they cannot penetrate a sheet of aluminum more
explosion.
than a few millimeters thick. It is the highly
The effective range of thermal radiation is injurious nature and long range of gamma rays
greater in open terrain and at sea, where there and neutrons that makes them such a significant
is no protection from the radiant heat, than in aspect of nuclear explosions.
built-up areas, where much of the radiation is
RESIDUAL RADIATION is that emitted after
obstructed. The Bikini tests indicated that approximately one minute from the instant of a
thermal radiation would not be an appreciable nuclear explosion. This radiation originates
factor in producing damage at sea, since the mainly from the bomb residues; that is, from the
exposed portions of naval vessels are prac- fission products and, to a lesser extent, from the
tically fireproof. However, this does not exclude uranium and/or plutonium which has escaped
one-tenth of the amount which would otherwise

the possibility of secondary fires involving such
combustibles as gasoline or explosives where
there has been extensive blast damage.

fission.

Additionally, the residues will usually

contain some radionuclides as a result of
"neutron capture" by other weapon materials.

Still another source of residual nuclear radiation
is the activity induced by neutrons captured in

NUCLEAR RADIATION

It has been previously pointed out that 15
per cent of the total energy yield of a typical
nuclear weapon is distributed in the form of
nuclear radiations (fig. 14-1). Let us explore
further what this radiation consists of, how it
occurs, and what its dangers are.
In any nuclear explosion there is an initial
flux of radiations consisting mainly of gamma
rays and neutrons. Both of these (especially

gamma radiation) travel great distances through

the air, and can penetrate great thicknesses of
material. Remaining within the fireball are
fission products and unfissioned bomb material.
These fission products and unfissioned bomb
material are also radioactive, and emit gamma

rays and beta particles. This emission of beta
particles and gamma rays from the radioactive
substance is a gradual process, and its hazard
therefore remains over a significant period of
time.
INITIAL NUCLEAR RADIATION is arbitrarily defined as that radiation emitted within
(approximately) the first minute after the explosion. Initial nuclear radiation includes those
neutrons and gamma rays given off almost instantaneously, as well as the gamma rays given
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various elements present in the explosion environment.
All of the nuclear radiation discussed thus

far in this section is the result of fission reactions.
Neutrons are the only significant
nuclear radiations produced in pure fusion
reactions. Thus, it can be seen that for explosions in which both fission and fusion
(thermonuclear) processes occur, the propor-

tions of specific radiations will differ from
those of typical fission explosions. However,

for present purposes, the difference may be

disregarded. Since gamma rays and neutrons
cause similar type injury to humans, the combined effect may be considered, although the
relative biological effectiveness (RBE) of neutrons is much greater than that of gamma rays.
Fallout

As the height of burst of a nuclear ex-

plosion occurs nearer the surface of the earth
(or sea), larger and larger proportions of the
earth (or water) enter the fireball and arefuzed
or vaporized. When sufficient cooling has occurred, the fission products become incorporated ith the earth particles as a result of the
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condensation of the vaporized products into
fuzed particles of earth, etc. As the violent

disturbance due to the explosion of the nuclear
weapon subsides, these contaminated particles
fall gradually back to the earth. This effect is
referred to as the FALLOUT. The extent and
nature of the fallout can .range between wide

)0

design of the bomb, the height of the explosion,

60

,

i

u

80

extremesdependent on the energy yield and
the nature of the surface beneath the point of
burst, and the meteorological conditions. Inthe
case of an AIR BURST occurring at an appre-

40

ciable distance above the earth's surface, sothat
no large amounts of dirt (or water) are sucked

into the cloud, the inherent radiation will be

20

widely dispersed. On the other hand, a nuclear

explosion occurring at or near the earth's

i

surface can result in SEVERE contamination by
the radioactive fallout.

2

4

6

TIME AFTER EXPLOSION

It should be understood that fallout is a

gradual phenomenon extending over a period of
time. There can be considerable fallout many
hours after the surface detonation of a nuclear

weapon, and many miles away. Additionally,

6
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144.71

Figure 14-19.Rate of decay of fission products
after a nuclear explosion (activity rated as100
at 1 hour after detonation).

there is a phenomenon called WORLDWIDE or
delayed FALLOUT which may continue for years

after a nuclear explosion. Fallout that occurs

Fallout and Type of Burst

within 24 hours of a nuclear explosion is referred to as LOCAL or early FALLOUT.

RADIOACTIVE DECAtFission products,
which make up the greatest hazard in residual
radiation, are initially very radioactive. However, this activity falls off at a fairly rapid rate
as the result of decay. Figure 14-19 shows the
exponential rate of decay of fission products
after a nuclear explosion.
The mixture of radioisotopes present after a
nuclear explosion is so complex it is impossible
to represent the decay as a whole in terms of
half-life, as each radioisotope has its own
definite half-life, ranging from a fraction of a
second to a million years. The chart presents
a fairly simple formula for calculating the approximate decrease in total radiation intensity
in relation to time. The residual radioactivity
for the fission products at 1 hour after nuclear
detonation is taken as 100 and the subsequent
decrease with time is indicated by the curve.

At 7 hours after the explosion, fbr example,

the fission product activity will have decreased
to one-tenth (10 percent) of its amount at 1 hour.
After 2 days, the activity would have decreased
to about 1 percent of the 1-hour value.
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Contamination of the earth's surface with

radioactive material results from neutron
activity after a nuclear explosion and from
fallout. The amount of contamination and its

distribution vary with the factors previously

stated.
The cloud of a thermonuclear explosionrises
rapidly to the highest levels of the atmosphere
and spreads over hundreds of square miles in the

first hours. During this time the particles are

being acted upon by the winds, including those up
to 60,000 or 80,000 feet, which may vary greatly

in direction and velocity at different heights.
Particle size will affect the rate of fall and as
the material descends through the rain cloud
bearing levels, the fallout may be slightly accelerated by rain or snow. The fallout may or
may not be visible, but in any case, it can be

detected with radiac equipment. Falling dust or
ash, if visible, probably willbe radioactive.
AIR BURST.The RADIOLOGICAL EFFECTS from a typical AIR BURST are completely overshadowed by the effects of blast and
thermal radiation. An exception to this would

.

be a "low" air burst of a high yield weapon
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where there would be extensive induced radioactivity in the vicinity of ground zero. Radittlogical effects might also be of some con-

sequence to those persons shielded from the

primary causes of casualties, and to those
beyond the areas of serious blast and thermal
damage.

SURFACE BURST.A surface burst nuclear
explosion presents an entirely different picture.
With a surface burst, even though the induced
activity will be considerable, the activity of the
FALLOUT will be of much greater consequence.

The surface burst causes large amounts of
earth (water), dust, and debris to be taken up
into the fireball in its early stages. Here they
are fuzed or vaporized and become intimately
mixed with the fission products and other

bomb residues. As a result there is formed,

upon cooling, a tremendous number of small
particles contaminated to some distance below

their surfaces with radioactive matter.

In

addition, there are considerable quantities of
pieces and particles, covering a range of sizes
from large lumps to fine dust, to the surfaces
of which fission products are more or less
firmly attached.

The larger (heavier) pieces, which

will

include a great deal of contaminated material
scoured and thrown out of the crater, will not

the total residual radioactivity will be deposited
on the ground within a few hundred miles of the
explosion. The remainder of the activity will
remain suspended for a long period of time as
with an air burst.
The intensity of the radioactivity is very

high immediately after the burst, but decays
rapidly. Therefore, since not much time will

have elapsed, the particles reaching the ground
near the burst will be highly radioactive, while

those which are carried a long distance will
have lost much of their radioactivity before
they alight.

Although the areas seriously affected by
heat and blast of thermonuclear weapons are
large, they are small when compared to the
area of residual radiation haZard produced
by fallout. Because of many uncertainties,
especially of wind direction and velocity at
different heights, it is impossible to apply a
standard fallout pattern to all detonations. An
idealized fallout pattern has been prepared and
a commanding officer can adjust the outlines
according to whatever information is available
to him at the time and plan his defenses for the
area expected to receive fallout. Such knowledge
would include information on wind and weather
conditions in the area, the topography of the area,
and location and nature of natural or manmade

shelters.
be carried up into the mushroom cloud, but
As a general rule, the pattern of contaminawill descend from the column. Provided the tion will be as illustrated in figure 14-20. It
wind is not excessive, these large particles, as becomes an elongated cigar-shaped area ex.,
they fall, will form a roughly circular pattern tending downwind from the point of burst.
Of
around ground zero (though the circle will be course this pattern will vary with the wind
somewhat eccentric as the result of any wind).
Most of this heavier material referred to above

will descend within an hour or so.
The smaller particles present in the atomic
cloud' will be carried up to a height of several

velocities and directions at all altitudes between
the ground and the height of the atomic cloud.

The actual fallout assumes a somewhat irregular shape, such as that shown in figure
14-21, which was from a 43-KT shot.

miles, and may spread out some distance in
Note that the areas downwind are not imthe mushroom cloud before they begin to de- mediately contaminated. Rather, most of the
scend. The actual time taken to return to the downwind area will not be seriously contaminated
earth, and the horizontal distance traveled, until hours after the explosion. For an example

will depend upon the original height attained,
the size. of the particles, and upon the wind in
the upper atmosphere.
The fraction of the total radioactivity of the
bomb residues that appears in the fallout de-

(fig. 14-20), a location 22 miles downwind will
have a DOSE RATE of about 10 roentgens/hour

one hour after the detonation. At 2 hours, the
dose rate has increased to 1000 r/hr.
at 18 hours, it is down to roughly 80 r/hr. The
increase in dose from 1 to 2 hours means that
fallout wai not complete at 1 hour after the ex-

pends upon the extent to which the fireball
touches the surface. Thus, thoPprciportion of
available activity increases as the height of plosion. With respect to the ACCUMULATED
the burst decreases and more of the fireball DOSE received, at one hour after detonation, the
comes in contact with the earth (or water). In

100-mile point will not have received any apthe case of a "contact burst," some 50% of preciable
radiation because the fallout has only

83
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UNDERGROUND BURST.The extent of residual radiation accompanying an underground

burst will depend primarily on the depth of

200

burst and the weapon yield. With regards to
initial radiation, it is either nonapparent or inconsequential by comparison to the residual

1 RAIR

100

180

radiation.

170

If the explosion occurs at sufficient depth

110

below the surface, essentially none of the bomb
residues and neutron-induced radioactive ma-

.. 100

terials will escape to the atmosphere. There

140

will be no appreciable fallout.

130

On the other hand, if the burst is near the
surface so that the ball of fire actually breaks
through, the consequences as regards fallout
will not vary greatly from those of a surface
burst. Oth9r circumstances being more or less
equal, the 4intamination in the crater area following an underground burst will be about the
same as for a surface explosion of equal fission yield. However, the total contaminated
area for a shallow underground burst will be
greater because of the larger amount of fission
products present in the fallout.
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UNDERWATER BURSTS.Radiological ef-

fects of UNDER WATER BURSTS closely parallel

those of underground origin. The base surge,
consisting of a contaminated cloud or mist of
small water droplets also has a parallel in the
underground phenomena. During the first 15
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minutes, the base surge is a source of con-

100.89

ut the radiation intensity declines
Figure 14-20.Dose-rate contours from early tamination,
rapidly.
The
total amount of radiation from the
fallout at 1, 6, and 18 hours after a surface base surge and
from the atomic
burst with 1-megaton fission yield (15 mph cloud varies with"rain-out"
the
size
and
type of burst, the
effective'wind speed).
depth of the water, and other factors. In the
BAKER test at Bikini, the early dose rate of the

.4

From a deep underwater burst there would be no

airborne cloud and consequently no fallout or

In general then, at any given location, at a rainout. As a general rule, the base surge is
distance from a surface burst, some time expected to present a considerable radioactive
elapses before the fall out arrives. Time of arrival and amount of radiation vary with the size

'0_,

hazard for a distance of several miles, especially

downwind. The parts of the ship that are exposed to the base surge can absorb a great deal

and type of burst, the wind, and other conditions.
Although the example given above is for the
surface burst of a high fission yield, 1-megaton

sentially the same except for differences in

of radioactivity.
An important difference between an underwater burst and one occurring underground, is
that the radioactivity remaining in the water is
gradually dispersed, whereas that in the ground
is not. Therefore, as a result of diffusion of the

degree. Thus, a high energy fission yield explosion will mean a larger area contaminated to various bomb residues, mixing with large
a more serious extent than would a low fission volumes of water outside the contaminated area
and the natural decay, the radiation intensity of
yield weapon.
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base surge was 100,000 roentgens per hour.

started to arrive. While at the end of 8 hours,
the total dose has reached over 3000 roentgens.

nuclear weapon, the fallout phenomena .associated with a low fission yield weapon are es-
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conventional explosions. For this reason, the
subject of RADIATION INJURY will be discussed here in more detail.

The harmful effects of radiation appear to
be due to the ionization (and excitation) produced in the cells that make up living tissue.
As a result of ionization, some of the constituents that are essential to normal functioning
are damaged or destroyed. Some of the products formed may act as cell poisons. Additionally, the living cells are frequently unable

to undergo mitosis, so that normal cell replacement is inhibited.

The effects of nuclear radiations on living
organisms depend not only on the total dose,
that is, on the amount absorbed, but also on
the rate of absorption, i.e., on whether it is
ACUTE or CHRONIC. In an acute exposure,
the whole radiation dose is received in a rela0
20 40
tively short period of time. It has somewhat
MILES
arbitrarily been defined as that dose received
100.88 during a 24-hour period. Delayed radiations,
Figure 14-21.Early fallout dose-rate contours like those which may be received from fission
from the TURK shot at the Nevada Test Site.
products, persist over a longer period of time
thr water in which a nuclear explosion has occtorfed will decrease fairly rapidly. Additionaally, fission products will settle to the bottom of
the body of the water, thus greatly attenuating
the radiological hazards.
The radiation hazard therefore is much less
than the same amount of fallout over land. The
radioactive water will be transported by prevailing currents, and if the currents are known, the
radioactive areas ca be charted and avoided.
Distilled water made from lightly contaminated sea water is perfectly safe to drink.
This is because the radioactive material remains
behind in the residual scale and brine of the
distillation process. However, the ship's evaporators must be secured while the ship is in
significantly contaminated waters, to avoid
carrying dangerous contamination into the ship's

and this type of exposure is of the chronic type.
The distinction between acute and chronic
exposure lies in the fact that, if the dose rate is

not too high, the body can achieve partial

recovery from some of the consequences of the

nuclear radiations while still exposed. In ad-

dition to the above, the percent of body exposure
has significance. If follows then, that whereas a
person would die as the result of acute exposure
of 1000 reins whole-body radiation, he would
probably suffer no noticeable external effects
if the dose were spread over a period of 30 years.

The injury caused by a particular dose of
radiation will depend upon the extent and part
of the body that is exposed. Different portions

of the body show different sensitivities to

ionizing radiations, and there are variations in
the degree of sensitivity among individuals. The
age and the physical condition of the person also

interior. Also, it would be extremely difficult influence the result. .Since practically all the
to decontaminate the evaporator and keep con- information we have on the effects of radiation
tamination from reaching the water tanks. It on humans is from the 'Japanese bombings, the
should also be emphasized that mere boiling of influence of other injuries is hard to separate
water is of no value as regards the removal of from radiation injuries. Large numbers of
Japanese were exposed to doses of radiation
radioactivity.
ranging from insignificant to fatal. The results
were complicated by. other injuries, shock, and
Radiation Injury
lack of medical attention, and many of the deaths
As the student will recall from chapter 12, were probably due-to a combination of injuries.
the injurious effects of nuclear radiation re- By combining the information available from the
resents a phenomenon completely absent in Japanese bombings with informationgatheredon
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accidentally exposed persons and studies of
animals exposed at test sites, tables have been
compiled to show the effects of acute radiation
of different amounts.
ACUTE RADIATION INJURY. Table 14-3

shows expected effects of acute whole-body
radiation doses. Notice that the table begins
with 150 roentgens; no noticeable effects are
expected below that amount. Changes may
nevertheless be occurring in theblood. Perhaps
the most' striking and characteristic biological
consequence of exposure to whole-body nuclear

radiation are the changes in the blood and the
blood-forming organs. The effects may not be
seen at once, but the loss of the ability to flight
infections may result in death. For those who

survive, recovery may take months or even

years. Careful charting of the course of blood
changes in Japanese victims and those in the
Marshall Islands has furnished reliable data on
these phases of radiation exposure.
It has been estimated that approximately 50
percent of the persons subjected to 450 roentgens

of acute radiation will die. It is believed that
prompt medical treatment (care) would reduce
this percentage. Everyone receiving 1000 r. or
more would die within two or three weeks, if not
sooner, in spite of the best medical care.

A further matter of note is that the sooner

the symptoms of radiation sickness appear after
exposure, the more serious the consequence will
be. Additionally, there is a latent period between

the first symptoms of radiation exposure and

a further condition of sickness.
The clinical effects of radiation listed in the
table are those noted in the Japanese population,
where preexisting conditions were an unknown
factor and little actual data recording was done
until 2 weeks after the explosions. The most

accurate data are from the cases of radiation

exposure in the Marshall Islands test, but
200 r. was the limit for the exposure there.
LATE EFFECTS OF RADIATION.If a person survives the acute effects of radiation, later

effects may show up years later. These
effects, like the acute ones, are caused by

Table 14-3. General Nature of Radiation Sickness. (Acute exposure)

Time after
exposure
First week

Second week

Acute doses received over a large area of body
150-300 r
Nausea and vomiting
on first day.

No definite symptoms.

300-500 r

500-600 r

Nausea and vomiting
on first day.
Otherwise, no
definite symptoms.

Nausea and vomiting
on first day;

Loss of hair, loss of
appetitie, general sick feeling.

Inflammation of
mouth and throat,

diarrhea, vomiting.

fever, rapid

weight loss,
mortality rate
about 90 percent.

Later effects

Loss of hair, loss of
appetite, general
sick feeling, sore
throat, pallor, skin
hemorrhage, diarrhea;
moderate weight.loss,
ultimate recovery.
likely in abapnce of

complications. Mortality rate of 3 percent
at 200 r.

Fever, inflammation
of mouth and throat,
pallor, skin
hemorrhage,
diarrhea, nose
bleed, rapid weight
loss, mortality
rate of 50 percent
at 450 r.
.

.
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changes in the cells and tissues arising from blood changes and damage to the blood-forming
the exposure. The replacing cells may not be cells in the marrow of the bones proceedunseen
quite normal.
One of the effects mentioned previously is

and may be advanced before detected.

The hazards of fallout are external and

that of cataracts. These are attributed to the
initial nuclear radiation at the time of the ex-

internal. The contaminated particles of the
early fallout cause "beta burns" if they contact
bare skin or skin protected by light clothing.
Where fallout is heavy, the whole body may be
exposed to beta particles. The effects were
studies in the Marshall Island test explosion.
The natives did not realize the significance of
the ash-like dust falling on them about 5 hours
after the detonation. The itching and burning
sensation experienced at the time subsided and

plosion, chiefly by fast neutrons, which cause

lens opacities more frequently than gamma
radiation.
It is still too early to make a definite statement about the effect of radiation on the life

span. At present there is no definite proof that
whole-body radiation exposure hastens aging.
An increase in the incidence of leukemia

cases was shown among the inhabitants of disappeared, but 2 or 3 weeks later, skin
lesions, dark colored patches, and epilation

Hiroshima and Nagasaki, but the total number
of cases definitely associated with radiation exposure is not large and there is still some
uncertainty about interpretation of the statistics.
A twofold to fourfold increase in neoplastic
disease (abnormal marked growths, i.e., tumors,
cancers) was found in the Hiroshima population
but a similar study of Nagasaki showed no such
relationship. Studies are being continued on the
relationship of cancer incidence to radiation
exposure.
One of the most publicized results of radiation is that of sterility. Study of the Japanese

began to appear among the exposed population.
Discoloration of nails was attributed to gamma
radiation. The skin lesions healed and the hair

regrew in a matter

Internal hazard from fallout occurs when
radioactive particles are consumed with food
and water, or are inhaled. The nose is a good
filter, so there is not so much danger from
inhalation of early fallout, most of which is too
coarse for inhalation. It is also possible for

cities shows that the sterility is temporary.

tion dose is required, which is likely to be

radioactive material to get inside the body
through cuts or other wounds in which the

fatal. Among pregnant women exposed, there
was a marked increase in stillbirths and death
of newborn infants. The surviving children
showed a greater frequency of mental retardation.
Children conceived after the nuclear
exposures did not show an increase in abnorm-

alities.

skin is broken. (Alpha particles cannot penetrate unbroken skin.)

Even a very small quantity of radioactive
material in the body can do considerable
damage, and the injury is continuous as long
as the material is in the body. The organ most

Thus, the fear of effects on future

INJURY FROM FALLOUT AND RESIDUAL

RADIATION.A few radiation phenomena, such
as genetic effects, apparently depend primarily

upon the total dose received and to a lesser
extent on the rate of delivery. The injury
caused to the germ cells under certain condi-

tions appears to be cumulative. In the majority
of instances however, the biological effect of a
given total dose of radiation decreases as the
rate of exposure decreases.

The effects of residual radiition are the

affected is determined by the type of radioactive

material. Iodine, for example, tends to concentrate in the thyroid gland. The fission
products strontium and barium are deposited in
the calcifying tissue of bone. Cerium and
,plutonium also are "bone seekers." They are
potentially very hazardous because they injure
the sensitive bone marrow where many blood
cells are produced. The damage to the bloodforming tissue thus result's in a reduction in
the number of blood cells and so affects the
whole body adversely. The damage may not
become apparent for some time. The primary

same as for initial radiation, but not with such
dramatic onset. The symptoms develop gradually as the radiation dose accumulates. The
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6 months, but the

complete.

To produce permanent sterility, a large radia-

generations has not been substantiated, although
experiments with fruit flies and animals showed
increased mutations.

of

studies of platelets and red blood cells showed
they continued to be lower than normal 5 and '7
years after the exposure. This indicates that
repair of the bone marrow injury was not
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hazard of inhaled plutonium is in the lungs
and bronchial lymph nodes. Uranium causes
damage to the kidneys but only as a heavy
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to get beyond the reach of the effects, or to
provide protection against them within their

metal poison (similar to lead poisoning), not
because of its radioactivity.

The short-term hazard of early fallout ingested by the natives of the Marshall Islands
was small. The long-term hazard of delayed
fallout is another matter. The most important
radioaCtive isotopes are probably cesium-137
and strontium-90. As explained earlier, the
delayed fallout can spread to remote parts of

radii of damage.
SHIPBOARD PROTECTIVE MEASURES

The naval forces afloat have a distinct

advantage in that they are readily dispersible.
In addition to this, the ships of the Navy are
so designed that they are comparatively re-

the globe and can contaminate water, milk, and
food. Cesium-137 has a radioactive half-life

sistant to the blast (and/or shock) and the

thermal effects of nuclear weapons. Too, the
features built into Navy ships for protection

of 30.5 years and emits gamma rays as it
decays. Strontium-90 has a radioactive halflife of 27.7 years and emits only beta particles

against gas attack provide some measure of
protection against radiation hazards.
Both long- and short-range preparation go
into proper readiness of Navy ships. Strict

of fairly low energy, but once it gets into the
skeleton it stays there a long time. Experiments with animals indicate that the effects
may be anemia, bone necrosis, cancer, and

specifications are set for the designers and
builders in order that the ships are as resis-

possibly leukemia.

tant as feasible to the effects of nuclear weapons. Command action is taken to keep fire and
missile hazards minimized. Tactics include
such things as greater than normal dispersal,

As a result of the nuclear test explosions

in various countries, there has been an increase
in the strontium-90 content of the soil, plants,
and the bones of animals and man. This in-

the placing of all possible personnel under
cover, establishing the highest state of ma-

crease is worldwide and is not restricted to

the areas in the vicinity of the test sites,

although naturally it is higher there.
The amount of carbon-14 in the troposphere
has been increased by about 30 percent through
weapons testing. It will be a source of radia-

terial readiness, and the activation of WATER

5,760 years.

preventing the avalanching casualties resulting

WASHDOWN systems.

After a nuclear explosion, the primary

problem is to keep and/or return the particular ship to a maximum state of readiness by

tion for many generations, as its half-life is

from secondary effects, by restoring normal
services or rigging alternate (or emergency)
services, attending to the wounded, conducting

ATOMIC WARFARE DEFENSE

radiological surveys and decontaminating or
localizing as applicable, and by assessing the
extent and nature of damage and restoring the

GENERAL

The effects of nuclear weapons .have been unit as nearly as possible to its original
given with considerable detail derived from condition.
Tactics included after a nuclear explosion
experience with nuclear detonations. But in
would
include maneuvering to avoid, or to miniplanning protection from the consequences of
a nuclear explosion, many uncertainties are mize the transit time through, any base surge,
encountered. It is impossible to know in ad- fallout areas, or radioactive waters.
Providing the maximum protection for the
vance where or when a weapon willbe detonated,
or what type it will be or its size. Nevertheless, men will often reduce the ship's immediate
there are some basic principles which, if ap- operational capability (offensive and defensive).
plied, can, give a measure of protection to a It may become necessary for the commanding
officer to sacrifice personnel safety to preserve
large proportion of the population.
Foresightedness and an understanding of the ship operational capability. In making his
nuclear weapons will have great decision the CO must consider many factors,
effects
bearing on survival in event of nuclear warfare. some of which are: the mission of the ship,
In general, there are two broad Categories of the estimated extent and duration of. the hazprotection that can be used to avoid the stunning
effects of nuclear weapons. They are DISTANCE
and SHIELDING. In other words, it is necessary.

ardous environments, exposure guidance (how

long a man may be permitted to remain at a
station in the contaminated area), rotation of
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personnel, means of decontamination available,
and protection available. A ship with a washdown system can prevent heavy contamination
of the ship surfaces if the system is placed in
operation before the nuclear explosion, but even
if that was not possible, the washdown system
will reduce topside contamination so decontamination teams can get to work sooner and
men can be detailed to their stations for short
times, determined by the amount of radioactivity
present. The CO must know the actual or

potential exposure hazards and the countermeasure capabilities of his ship in order to
judge whether to continue, modify, or abort
the action and/or mission. If he has a good
disaster control plan and has the men trained
in their individual and team duties, the chances

of survival and successful mission are immeasurably increased.

Not only. the CO, but

every officer on board ship and every petty

officer and enlisted man has specific responsibilities and duties to perform before, during,
and after a nuclear explosion.
SHORE BASE PROTECTION

Ashore, the military must also plan to

disperse and/or provide suitable protection for
personnel and material. The civil defense
authorities should plan accordingly for the
civilian population. Much can be done towards
reducing blast and fire hazards in existing
structures. Shelters and shelter areas can

be provided. Dfsasar teams can be organized

and trained to kecp loases to a minimum.
Standards for slo--;Mr construction havebeen
prepared by engineers with information from
test buildings at test sites and from the results
found

in the Japanese bombings.

Designs

The area over which protection could be
effective in saving lives is roughly eight to ten
times as large as that in which the chances

of survival are small. It is in this possibly

large area that preplanning of protective measures is of the utmost importance.
PROTECTIVE MEASURESINDIVIDUAL
ACTION

For an individual, in the event of a surprise
attack, proper and immediate action can mean

the difference between life and death.
From experience gained in both nuclear and
conventional explosions, there is little doubt
that as a general rule it is more hazardous in
the open than inside a structure. In an emer-

gency, therefore, the best available shelter

should be taken.
Aboard ship, TAKE COVER should be directed at the appropriate time for those in exposed stations. Once properly shielded, and
other operations permitting, personnel should
take a position with knees flexed, and with a

firm grip on a substantial piece of the ship's
structure. This position should be held until
passage of the blast and/or the shock wave.
Ashore, civil defense authorities (or mili-

tary, where they have jurisdiction) should have
designated shelter areas and/or shelters.
Subways would provide a good emergency shelter; however these are found in only a limited
number of cities. As an alternative, the basement of a building should be chosen. In this
conne ction, a fire-resistant, reinforcedconcrete or steel frame structure is to be preferred, since there is less likelihood of a large
debris load on the floor above the basement.
Even basements of good buildings are not, however, an adequate substitute for a well designed

have been prepared for both public and private
shelters for various situations. The building
and stocking of shelters has been sporadic
chiefly because people believe that nothing
can save you in a nuclear attack. It is true
that there is little chance of survival in the
zone of heavy damage around ground zero,
but the chances improve with distance. Just

shelter.
Should there not be any opportunity to take

of approximately 3000 school students who were

in the general illumination. It would be imperative to avoid the instinctive tendency to

one quotation of statistics from the Japanese
results should be convincing. At Hiroshima,

the best shelter, alternate immediate action
will be necessary. The first indication of an
unexpected nuclear explosion (other than a subsurface explosion) would be a sudden increase

in the open and unshielded within a mile of look at the source of light, but rather do
ground zero, about 90 percent were dead or everything possible to cover all exposed to
pormissing after the explosion. In the same zone tions of the body (another reason for proper
were nearly 5000 students who were shielded and suitable battle dress). A person inside a
in one way or another; only 26 percent of them building should immediately fall
prone and
were fatalities.
crawl behind a table or desk. This will provide
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a partial shield against splintered glass and PROTECTION FROM FALLOUT
other flying missiles. No attempt should be
Protection against the residual radioactivity
made to get up until the blast wave has passed,
as indicated by the breaking of glass, cracking
of plaster, and other signs of destruction. The
sound of the explosion also signifies the arrival
of the blast wave.
A person caught in the open by the sudden
brightness due to . a nuclear explosion, should
drop to the ground, while curling up to shade

present in LOCAL FALLOUT presents a number

of difficult and involved problems. This is
because the radioactive products are not normally visible and require radiac equipment for
detection and measurement, and because of the

widespread and persistent character of the

fallout, and too, because fallout prediction is
a

function

of

complicated meteorological

the arms, hands, neck, and face with the processes.
clothed body. Although this action will have Fallout Prediction
little effect against the initial nuclear radiaThe fallout patterns charted after the various
tion, it may help in reducing flash burns due nuclear tests have been used to prepare a
to the thermal radiation. Of course, the degree form to be used for predicting the area of
of protection from thermal effects will vary fallout. It is called Radiological Fallout Forewith the energy yield of the explosion. For as casting (RADFO) and is made available to
you will recall, low yield weapons expel all operational commands. Before a nuclear attack,

their thermal radiation in a short interval of information will not be available on the location
time, while the higher the yield, the longer the of the burst, type of burst, or yield of the
thermal pulses of energy will last. Neverthe- weapon, and after the detonation it is expected
less, there is nothing to be lost, and perhaps that disruption of normal activities will prevent
much to gain through such action. The curledup position should be held until after the blast
wave has passed.

obtaining much real information about theburst.

The command will have information on the
atmospheric wind structure, and with that in-

Since eye injuries and skin burns from formation, can plot a tentative fallout area

thermal radiation can occur at great distances
from the explosion, this type of avasive action
can be helpful over large areas. Ordinary
sunglasses provide little or no protection of
the eyes against damage by thermal radiation.
The blink reflex is of doubtful help tithe person

with the aid of the RADFO overlay (fig. 14-22).
The RADFO diagram is usually drawn in grease

pencil on a plastic sheet to be used as an

is facing the blast point, especially if the
thermal energy is released in one burst, as

overlay on an appropriate map or chart. Various essential data are included in the legend
of the RADFO diagram. The legend also
indicates the map scale or map identification
number for which it is drawn. Each command

Every effort should be made to do this in order

Manual, (1962), OPNAV INST P3441.3A. The

from lower energy weapons or those burst at requests maps for its particular area and
high altitudes (above 20 miles). Fortunately, keeps them on hand. The red outline marks
the area of high fallout expected from a lowmost flash blindness is temporary.
yield weapon, and the black outline marks the
If a shelter of some kind, no matter how high fallout area for a high-yield weapon.
minor, e.g. in a doorway, behind a tree, or in The cross-hatched dot represents the point of
a ditch or trench, can be reached within a detonation (surface zero). With the dot placed
second, it may be possible to avoid a significant at the point of detonation (expected), the overpart of the initial nuclear radiation, as well as lay can be rotated in line with the winds at
the thermal radiation. But shielding from the time, and it then outlines the approximate
nuclear radiation requires considerable thick - area where the fallout can be expected. The
ness of .material and this may not be available ship can be maneuvered to keep out of that
in the open. By dropPing the the ground, some area and the fallout preparations can be made
little advantage may be provided by the ground aboard the ship.
and surrounding objects.
The complete description and instructions
Putting out fires when they Se just starting for use of the RADFO diagram are given in
may be done by individuals in some instances. the United States Navy Radiological Fallout

to prevent large fires which may become actual fallout area will vary froin the RADFO
plot, but planning can be based on the preuncontrollable.
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may affect vast areas, and therefore may affect
large numbers of people who must have protection for at least that period of time. Anyone
acquainted with the daily traffic problems accompanying the routine working day transportation in any large metropolitan area must realize
that attempting to evacuate the whole population
of a threatened area upon short notice would
result in a hopeless snarl. The alternative
is to have prepared shelters, stocked with
provisions, where large numbers of people
can take refuge and remain perhaps for several
days, or even weeks.
Where approved shelters are not available,
even the basement of a frame house can attenuate nuclear radiation by a factor of about
10. Greater reduction is possible in large buildings or in shelters covered with several feet of
earth. Three feet of earth will provide a
radiation attenuation factor in the neighborhood

RADFO'OVERLAY
VALID TIME

II/1200Z

LOCATION
MAP SCALE

SOR
1e160.000

12/0000Z

of 1000.

Ships will have to depend on proper maneuvers, the GAS TIGHT ENVELOPE, water wash
down systems and decontamination procedures
for protection. Ashore, the civil defense and/or
military authorities must make radiological

surveys to ascertain the extent and nature of

100.90

Figure 14-22.Example of fallout plot drawn
with RAD PO overlay upon receipt of prediction

or warning message.

the contamination. Once this is known, it is.
possible to take other corrective actions, such
as orderly evacuation of sheltered survivors
and. decontamination of essential areas or
equipments. Shifting winds and other unknown
Variables complicate any prediction of safe
evacuation routes. A petson may leave a comparatively safe location and end up the loser
for his effort.
Of the passive protective measures that can

be taken, shelter is the foremost. Complete
protection for all people is hardly feasible,
on that .basis. Plans can be made to minimize but every Navy shore activity has areas
desthe hazards of fallout radiation, but they must ignated as shelter areas where people are to
go
be flexible so they can be adapted to the immediately if a nuclear alarm is given. Evacliminary plot and early action can be taken

partiCular situation which develops after- the
attack.
Group Protection
Fallout . from a surface burst can.Produce
serious , contamination far beyond the range
of other effects such as blasti shock thermal
radiation, and initial nuclear 'radiation.. The
quantity ;Of contaminated niatertg ,produced by
a surface ;burst of a megaton weapon with a
fission rielii; is .;80., large that -the.tfallout, may
continue= arrive: in hazardoUs concentrations
up to "perhans `. 24

hours' after the burst. .It
.

843

uation routes are planned so each person has an
assigned place to go in case there is .sufficient
advance warning so people can get to designated

gathering places.

Know the location of the

marked areas so , you can go to the assigned
one without hesitation when so ordered.
Civil Defense authorities have published
pamphlets onhnethods of construction for home
shelters. Family type shelters were widely

used; In England dUring World 'War II for
protection against bombs, and. were.. a great
help ,in 'preventing casualties. &tenet shelters,

bUilt -according. to. Civil Defense Standards to
10
339.
.
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reduce the entrance of nuclear radiation, can use on a stationary land target. For another
be of inestimable help in case of nuclear attack. type of target, an attacking aircraft, for example,
entirely different criteria are necessary.
Should a nuclear-tipped misssile. be launched
Protection Against Long-Range Fallout
from the ship or should an air-to-air missile
be
used? Perhaps conventional antiaircraft fire
The radiation from long-range fallout is too
will
take care of the situation. The officer in
attenuated to be harmful as external radiation.

command must make the decision quickly. You
can readily see that this is quite a different
situation from, say, the planned obliteration of
an enemy naval base.
The actual mechanics of weapon selection

Its harm comes from ingestion, whether through
inhalation, from drinking water, or food. Except

in cases of extreme overexposure, there is a
latent period before signs and symptoms of

radiation illness appear. Radioactive material
within the body cannot be controlled by time,

is a very complex operation. This operation
distance, or shielding; it continues to affect is the function of relatively high echelons of
the cells of the body until it hasbeen eliminated command. The student should be aware that
by natural processes or radioactive decay. there also are great moral and political issues
Risk of exposure can be greatly reduced by involved in the use of nuclear weapons. For
good housekeeping. Foods that might have these reasons, the actual committing of nuclear
received some of the radioactive fallout should weapons to use by our country is the responbe thoroughly washed before using. Exposed sibility of the President of the United States.
foods that cannot be washed should be disposed Notwithstanding, some generalized statements
of. Cooking the foods or boiling the water does concerning the relative importance of various
not reduce the radioactivity. A number of effects for different burst conditions is conmaterials have been tested for possibilities as sidered essential to a complete orientation in

the nuclear weapons subject area.
The discussion following relates to the use
of nuclear weapons to achieve certain effects on

an agent to remove radioactive materials from

the system. Various results have been re-

ported. So far, none of the products so tested

surface targets, either land or sea. Most of
the material damage caused by either an air
burst or a surface burst of a nuclear weapon
is. due mainly (directly or indirectly) to the
shock or blast wave that accompanies the

have been accepted as useful for removing
radiation. Also, some materialshavebeentried

for removal of radioactive fallout in milk.
This is another problem left to be solved by
further research.

explosion. In considering the destructive effect

of a blast wave, one of the important characteristics is the overpressure, that is, the
pressure above the normal atmospheric pressure. Other characteristics of the blast wave
that affect the degree of destruction are the

EMPLOYMENT OF NUCLEAR
WEAPONS EFFECT
GENERAL

dynamic pressure, duration, and time of arrival
of the blast wave.

Many factors enter into the selection of

the burst height (or depth) and yield of a particular weapon. Among these are fuzing limitations, type of target, available delivery systems, and the degree of damage desired. Since
nuclear missiles, torpedoes, and depth bombs
have become part of the arsenal, the aspects
of weapon selection have been multiplied,

Froni an EFFECTS 'standpoint, the basic
Criteria Which goVern weapon Selection are

peak blast Wave -OverpreSsure, .peak dynamic
presSure,. ''duration of ,the voiltive Wave. (of

blast WOO, 'crater extent, thermal radiation,
initial nuclear radiation; residual filsionprOduct
fallOutOind indircedgroUtid contamination. ThiOse

SURFACE BURST

A SURFACE BURST will increase the range

at which peak overpressures greater than about
12 psi occur. It will reduce thermal radiation

received by ground targets compared to that
received from an air burst at the tame slant
range and it will produce significant cratering
and ground shock. A peak overpressure of 12
pet will cause severe damage to all structures
except those of ,reinforced-concrete, blastresistant construction. It will also cause modrate to severe damage to most military equip-

criteria apply 'to the selection of: a WeapOn' to

844.
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Most naval ships operating today will be
immobilized when subjected to 20 psi peak
air overpressure. Five psi will cause light
damage to all naval and mercantile shipping.

burst is increased. Cratering, ground (or water)
shock, and fallout contamination will increase
with the depth of burst up to a maximum (the
optimum depth depends on the effect being conLight damage to naval ships consists of damage sidered) and then decrease. Maximum
water
to electronic, electrical, and mechanical equip- waves will be produced at a certain critical
mentshowever, the ships may still be able to depth of burst.
operate effectively.

The surface burst will overdestroy some
area. It is therefore not as economical (in its
damage Capabilities) as an air burst. Conceivably, therefore, the surface burst would be
used against resistant targets or where assured destruction is desirable.
For weaker targets, which are destroyed or
damaged at relatively low overpressures or
dynamic pressures, the height of burst may be
raised to increase the damage area, since the

required pressures will extend to a larger range
than for a low air or surface burst.
While the terrain has some effect on the
blast wave, it is difficult to predict the effect

on the damage resulting. The fact that the

point of explosion cannot be seen from behind
a MI does not mean that the blast effects will
not be felt. Blast waves can easily bend around
obstructions, and multiple reflections between
buildings and streets might increase the overpressure and dynamic pressure.
The LOCAL FALLOUT associated with a
surface burst is a very significant factor in
nuclear weapons selection.

SCALING LAWS

The atomic bombs dropped on Japan are
referred to as 20-KT bombs or nominal yield

weapons. The effects of those bombs have been
studied and analyzed in all their aspects,
including their blast, thermal, and radiation
effects. Since that time, tests of nuclear weapons
of different sizes and types in various environments have furnished much other data on
the effects of nuclear weapons. From studies of
these effects, scaling laws have been formulated.
The effects Of detonations of weapons other than
the nominal 20-KT bomb can be calculated by
means of these simple scaling laws.
Although the laws are only of an approximate

nature, they do provide a rough means of
comparing the effects of different energy releases. Scaling laws are applied to each of the
effects of nuclear detonationsblast, thermal,
and radiation effects.

In the case of blast effects, the scaling

law states that the distance from an explosion
at which any specified overpressure is reached
AIR BURST
is proportional to the cube root of the energy
released. For a 20401 burst, the limit of
An AIR BURST will increase the ground severe damage occurs in the region of 7-psi
range at which overpressures of about 10 psi overpressure, about 1 mile from ground zero.
or less are obtained; maximize areas at which Computing with the scaling formula, an oversignificant thermal radiation is received on the pressure zone of 7 psi would be 1.3 miles from
ground; and eliminate local fallout contami- ground zero with a 40-KT bomb. Note that
nation. Windowpane breakage is associated with the damage limit is not twice as great as for
0.5 psi overpressure, while severe damage a 20-KT bomb. To double the limit of severe
to wood frame houses occurs with 3 psi, damage, the amount of explosive would have to
and to reinforced-concrete buildings with ap- be increased 8 times.
proximately 10 psi.
With regard to overall damage and cas-

ualties, the area affected by the burst is
important. The area of the burst is propor-

SUBSURFACE BURST

tional to the square of the radius; therefore
the effective area of blast damage is pro With a SUBSURFACE BURST, peak air portional to two-thirds of the energy release.
the effective area for a 20-KT bomb is 4
overpressure, thermal radiation, and initial If
square miles it is 8.4 square mileb fora
40-KT

nuclear radiation decreaSe as the depth of the
bomb.

1
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weapon increases. For example, a 100-KT bomb
will produce 120 times the nuclear radiation that
a I-KT bomb will produce; a 500-KT bomb will
produce 1,000-KT (1MT) weapon will produce
1,000 times the amount of nuclear radiation; and
a 1,000-KT (1MT) weapon will produce 2,100
times as much.

The amount of thermal energy reaching a
point at a given distance from the explosion

will be directly proportional to the total energy

release of the bomb. If the thermal energy
from a 20-KT bomb is 41/2 calories per square

centimeter at 3,000 yards from ground zero,
from a 40-KT bomb it would be 9 calories per
square centimeter. The same proportional increase holds true for the immediate nuclear
radiation. However, this proportion is reasonably accurate only up to 40-KT bombs. For

The altitude of the burst affects the results,

and the factor of height must be included to
modify the calculations with the scaling laws.

Curves have been drawn to represent many

conditions of burst. Figure 14-23 accumulates
certain cardinal damage criteria for air burst

higher energy releases, the proportion of initial
nuclear radiation to the energy of the bomb be-

explosions.

comes greater and greater as the yield of the
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APPENDIX A

TABLE OF ATOMIC WEIGHTS AND BIBLIOGRAPHY
(The atomic weight column represents the mass of the most stable isotope of the element.
AU of the known elements are included. Oxygen 16 is used as the basic
element. )
TABLE OF ATOMIC WEIGHTS
Z

ELEMENT

0
0

o/e/o

1
1

2
2
3
4
5
6
7
8
9
10
11

12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27

0in/1
1/P/1
H

2/a/4
He

Li
Be
B
C
N

0
F

A

0
1

1
1

4
4
8
9

10
12
14
18
19

Ne
Na
Mg
Al
Si

20
23
25

P

31
33

S

Cl
Ar
K

Ca
Sc

ti
V

Cr
Mn

Fe

27
29

38
40
40
41

45
48
51
53

55
56

28
29

Co
Ni
Cu

30

Zn

86.;

31

Ga
Ge
As
Se

70

32
33
34

59

60
84
.73

75
79

MASS

Z

ELEMENT

0.00055
1.00899
1.00759
1.00814
4.00277
4.00387
6.01703
9.01505
10.01612
12.00380
14.00752
16.00000
19.00445
20.00050
22.99705
24.99375
26.99008
28.98566
30.98356
32.98189
35.97969
59.97505
39.97665
40.97523
44.97007
47.96312
50.96004
52.95746
54.95540
55.95264
58.95194
59.94984
63.99934
65.94694
69.94814
72.94645
74.95440
78.94858

35
36
37
38
39
40

Br
Kr
Rb
Sr

41
42
43

Nb
Mo

44
45
46
47
48
49

Ru
Rh

50

Sn
Sb

51

Y

Zr
Tc
Pd
Ag

Cd
In

52
53
54
55
56
57
58
59

Te
I

60

Nd

Xe

Cs
Ba
La
Ce

Pr

61

Pm

62
63
64
65
66
67
68
69
70

Sm
Eu

71

72

Gd

Tb
Dy
Ho

,Er
Tm
Yb
Lu
Hf

A

80
84
88
88
89

92
93
96
99
102
103
107
108
113
115
119
122
128
129
132

03

138
139
141
141
144
148
150
152
158
180
163
165
188
169
174
175
179

MASS

79.94401
83.93806
85.93852
87.93375
88.93408
91.93382
92.93526
95.93490
98.93951
101.96341
102.93790
106.93895
107.93895
112.94028
114.94050
118.94100
121.94368
127.94610
128.94575
131.94600
132.94720
137.94870
188.94950
140.95172
140.95110
143.95493
145.95895
149.96340
152.00000
159.97342
159.97775
162.50000
164.98110
167.98392
168.94000
173.98075
174.99737
178.50000
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Z

ELEMENT

73
74

Ta

75
76
77
78

Re
Os

79
80
81
82
83

Au
Hg

84
85
86
87

Po

W

Ir

Pt

Ti

Pb
Ea

Al

Rs
Fr

A

MASS

180
183
186
190
192
195
197
200
204
207
209
210
212
222
223

180.00220
183.00530
186.01070
190.01740
192.02470
195.02640
197.02748
200.03191
204.03768
207.04058
209.04579
210.04850
212.05693
222.08690
223.08960

Z

ELEMENT

A

88
89

Eta

226

Ac

90

111

91
92
93
94
95
96
97
98
99
100
101
102

Pa

227
232
232
238
237
244
243
245
249
249
244
252

U
Nip

Pu

Am
Cm
Bk
CI

E

Fm
Mid

No

256
263

MASS
226.09600
227.09888
232.11080
232.11118
238.12522
237.12220
244.14065
243.13748
245.14209
249.15252
249.15252
244.14780
252.16163
258.17383
263.00000

APPENDIX B
GLOSSARY
INTRODUCTION

combustion in the exhaust jet of a turbojet

engine (aft or to the rear of the turbine).

This glossary is intended as a convenience
for the student. It explains briefly those technical terms used in this textbook with which
the student should be acquainted in order to
comprehend the subject matter. The explanations are not exhaustive. They take up only
those senses or applications of each term that
the text is actually concerned with, and do not
attempt general exp
ions of them. For more
information on
item in the glossary, the

AGC.An abbreviation for automatic gain
control. A circuit arrangement that automatically maintains the output amplitude (sound
level in audio receivers) essentially constant,
despite variations in input signal strength.
AIRSPEED, TRUE.Calibrated airspeed
corrected for altitude effects, i.e., pressure and
temperature, and for compressibility effects
where high speeds are concerned. Not to be

/and

confused with ground speed.

student should consult the index to locate
AMBIENT CONDITIONS. Environmental
further discuision in the text of this book. conditions;
may pertain to presure, temperature,
For more general and complete information etc.
the student should consult a good technical
ANGLE, DRIFT.The horizontal angle bedictionary or encyclopedia, an engineering hand- tween the longitudinal axis of an aircraft
or
book, or an engineering or physics text.
missile and its path relative to the ground.
ACCELEROMETER.An instrument that
measures one or more components of the accelerations of a vehicle.
ACQUISITION.The process of acquiring a
target by radar; the initial contact with a
selected or desired target prior to lock-on.

ANGLE, ELEVATION.Angle between the

horizontal and a line from an observer to an
elevated object.
ANGLE, FLIGHT PATH.The anglebetween

the flight path of an aircraft or missile and

the horizontal. Sometimes called FLIGHT PLAN
SLOPE.
ANGLE, GLIDING.The angle between the

ACTIVE MATERIAL.. - Fissionable material,
such as plutonium (N233), uranium (U235), or the
thorium.derived uranium isotope U233, which

flight path during a glide and a horizontal

is capable of supporting afissionchainreaction.
In the military field of atomic energy, the term
refers to the nuclear components of atomic
weapons exclusive of the natural uranium

axis fixed relative to the earth.
ANGLE OF ATTACK.The angle between a

reference line fixed with respect .to an airframe and the apparent relative flow line of
the air.

parts.

AERODYNAMICS.The science that deals

ANGLE OF ATTACK, ABSOLUTE. The

with the motion of air and other gases and
with the forces acting on bodies moving through
these gases.

AFC:An abbreviation for automatic frequency control. A circuit that maintains accurate freipienCy control.

AFTEROURNIM-1. Thesharacterititic of

some rocket motors to burn IOWA:1y for some

time afterthe Math burning and thrust has
ceaSedi ga The process of fuel injection and

the attitude of zero lift:
ANGLE OF ATTACK, CRITICAL.. -The
angle of attack at which the flow about the
airfoil changes abruptly, as evidenced by abrupt changes in the lift and drag.
ANODE.A positive electrode; the plate of
a vacuum tube.
ANTENNA. A device which radiates r-f
power ihto space in the form of electromagnetic
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measures atmospheric pressure, without a
switch attachment or connection.

energy. It also provides a means of reception
of electromagnetic energy.

BASELINE.A line joining a master and

TOR PED0.A
ANTISUBMARINE
submarine-launched, long-range, high-speed,

slave station in a Loran system.

BEAT FREQUENCY.A signal which re-

wire-guided, deep-diving, wakeless torpedo cap-

sults when two signals of different frequencies
are applied 'to a nonlinear circuit. The beat-

able to carrying a nuclear warhead for use in
antisubmarine and antisurface ship operations.

ing together of the signal results in a signal
APOGEE.The point at which a missile which has a frequency equal to the difference
trajectory or a satellite orbit is farthest from of the two applied frequencies.
BETA (P) PARTICLE (BETA RAY).One
the _.center -of_ the gravitational field of the

Also known as Astor.
.

controlling body (the earth) or bodies.
ASTRONAUTICS.The science of traveling

of the particles which can be emitted by a
radioactive atomic nucleus. It has a mass of

vehicles into space.
ATHODYD.A ramjet; an abbreviation for

charged beta particle is identical with the

Aero-THermODYnamic Duct.

type (position)

otherwise specified, this frame of reference

The emission of a positron is similarly as-

about 1/1837 that of a proton. The negatively

through space or sending missiles or guided

ordinary electron, while the positively charged

differs from the electron in

having equal but opposite electrical properties
missile as determined by the inclination of The emission of an electron entails the change
its axes to some frame of reference. If not of a neutron into a proton inside the nucleus.

ATTITUDE.The position of an aircraft or

sociated with the change of a proton to a neutron. Beta particles have no independent ex-

is fixed with respect to the earth.
AUDIO FREQUENCY.A frequency which

istence outside the nucleus, but are created

can be detected as sound by the human ear.

The audio frequency range is normally under- at the instant of emission.
BINARY NUMBER SYSTEM.A number sysstood to extend from 20 to 20,000 cycles
tem, which uses two symbols (usually 0 and
per second.
AUTOSYN.A Bendix-Marine trade name 1) and has two as its radix (the fundamental
for a synchro, derived from the words AUTO- number), just as the decimal system uses ten
matically SYNchronous. See "synchro." Also symbols (0, 1, 2, 3, etc.), and has ten as its
radix. The system is widely used in electronic
called Selsyn.
AZIMUTH.The angular measurement in a computation where electrical connections can
horizontal plane and in a clockwise direction be used to represent the binary conditions, such
as, an open relay means 0, a closed relay
at a point oriented to north.
BAND-PASS FILTER.A circuit designed means 1.
BIPROPE LLANT.A rocket propellant made
to pass, with nearly equal response, all currents having frequencies within a definite band, up of two separate ingredients which are sepand to reduce the amplitudes of currents of arately fed to the combustion chamber.
BOLOMETER.-1. A very sensitive type
all frequencies outside that band.
BANDWIDTH.The number of cycles, kil- of metallic resistance thermometer, used for
ocycles, or megacycles expressing the dif- measurements of thermal radiation. 2. In
ference between the lowest and highest fre- electronics a small resistive element capable
quencies of a portion of the frequency spectrum; of dissipating microwave power, using the heat
..

.

so developed to effect a change in its resistance, thus serving as an indicator* commonly
used as a detector in low- and medium-level

for example, .a TV or radio station channel

assignment.
BANG-BANG CONTROL.On-off control in
which control surfaces are ordered either

power measurement.

.

"full-over". or to .the neutral position. Also
called flip -flop control and flicker control.
BARD. A. pressure-sensitive device (essentially a pressure,altimeter) used in some
weapons to actuate circuits. The term is a

BOOSTER. .-1. A high-explosive element
sufficiently sensitive so as to be actuated by
small explosive elements in a fuze or primer
and powerful enough to cause detonation of
the main explosive filling. 2. An auxiliary

referred .,to as a "baroSwitCh.". Not to be

a misdile or aircraft and which may or may
not separate from the patent craft when its

contraction of "barometric switch," sometimes
confused with barometer, an instrument which

.352
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impulse has been delivered. A booster system in, and directly contribute to the
propagation
may contain or consist of one or more units. of the process. Specifically, a fission
BREEDING (NUCLEAR).A process where- reaction, where the energy liberated chain
or parby a fissionable nuclear species is used as a ticles produced (fission products)
by
the
source of neutrons to produce more nuclei of sion of an atom cause the fission of fisits own kind. This is the function of a breeder atomic nuclei, which in turn propagateother
the
nuclear reactor (atomic pile), which, by trans- fission reaction in the same manner.
mutation, produces a greater number of fissionable atoms than the number of parent
CHUGGING.Intermittent burning of a proatoms consumed.
pellant which results in low frequency pressure
BUBBLE.The fireball formed in an under- oscillations. Also called chuffing.
CIRCUIT BREAKER.An electromagnetic or
water nuclear explosion, which contains hot
thermal
device that opens a circuit when the
gases and vapors. It expands and bursts after
current in the circuit exceeds a predetermined
reaching the surface of. the water.
BURTON METHOD (BURTONING).Name

sometimes given to the yard and stay method
of handling a cargo. A method of replenishment
at sea wherein a winch on each ship provides
power and the single whips from the winches
are shackled together. Aldo, a method of rigging tackles so that two sources of power
are used.
CANARD.A type of airframe having the
stabilizing and control surfaces forward of the
main supporting surfaces, while the main lift-

ing surfaces are rigidly attached in the aft
region of the body.

CAPACITOR.Two electrodes or sets of

amount.
CIRCULAR ERROR PROBABILITY (CEP).

The radius of a circle about the aiming point
withi' which there is a 50 percent probability
of hitting. Also called Circular Probable Error
(CPE). It describes the hitting accuracy of a
guided missile or an artillery shell.
COAXIAL CAB LE.A transmission line con-

sisting of two conductors concentric with and
insulated from each other. The dielectric (in-

sulator) may be either a solid or a gas.

Coaxial cables are used as transmission lines
for radio, radar, and television signals.

COLLECTOR.
Electrode
TOR. El
ectrode in a velocity-mod-

electrodes in the form of plates, separated ulated vacuum tube on which the spent electron
from each other by an insulating material "bunches" are collected. In a transistor, it is
called the dielectric, and used to store an an electrode through which a priniary flow of
electric charge.
CARRIER.In electronics, the carrier is
the basic r-f wave upon which other signals are

superimposed to transmit information.
CATHODE-RAY TUBE (CRT).A special
form of vacuum tube used in various electronic
applications, e.g., as the picture tube of a
television receiver and as an oscilloscope
tube.
CENTRIFUGAL FORCE.A force caused by
inertia exerted on a rotating obi ect in a direction
outward from the center of rotation.
CENTRIPETAL..-Moving inward, or directed
inward, in a sense toward the center.
CHAFF .--Electromagnetic-r a d i at i o n reflectors in the form of narrow metallic strips
of . various lengths and frequency responses
used to create radar echoes for confusion of
enemy radars. One type, called yope or rope-

chaff, consists of .a ,roll of metallic foil or
wire.

CHAIN REACTION.In general, any. self-

sv:staining process, whether liolecular or nu-

clear, the products of which are instrumental
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carriers leaves the interelectrode region.
COMPARATOR.A circuit which compares
two signals and indicates variances between
them. The circuit is also known as an "addor-subtract" circuit.
CONSOLE.A grouping of controls, indicators, and similar electronic or mechanical
equipment, usually mounted on a large tablelike or panel type equipment, used to monitor
readiness of and/or control specific functions

of a system, such as missile checkout, count-

down, or launch operations.
CONTINUOUS WAVE (C-W) RADAR.A

systeth in which a transmitter sends out a
continuous flow of r-f energy to the target.
COSMIC RAYS.A highly penetrating radiation apparently reaching the earth in all

directions from outer space. Experimental observations show that the cosmic rays entering
our atmosphererare composed almost entirely
of positively c'iarged atomic nuclei. The
intensity of the rays decreases through collisions with other atomic particles while passing
through the atmosphere.
.
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DETECTOR.In electronics, the receiver

CRITICAL MASS OR SIZE.The amount of

fissionable material that will just support a stage in which demodulation takes place, sepspontaneous chain t eaction power level. This arating the modulation component from the
is related to the Nrolume it occupies, or size. received signal.
(NON-HYPERGOLIC). A
DIE R GO LI C
The mass of mo.'...crial -nay be referred to as
crit, which, under 7. given set of conditions, is property of liquid propellants (oxidizer and
fuel) whereby they do not react spontaneously
of critical size.
configuration in the form when brought into contact, but require an
CRUCIFORM.auxiliary ignition system to initiate combustion.
of a cross with 7.egs 90° apart.
DISCRIMINATOR. --A device (in electronics)

CRYSTAL - CONTROLLED OSCILLATOR..

used to convert input frequency changes to

Ar orcillator, whose frequency is controlled to

proportional output voltages. For example, in
a radio receiver, the stage that converts the
physical dimersions of the crystal, especially frequency-modulated signals direct'' to audiofrequency signals.
the Lickness.
DISTORTION. In electrl:.agneties, the
ER.A device using certain
Cn.YSTAL
properties of a ..lvystal. Cgermanium, silicon! produeCnn of an cntplat waveform which is not
a t: tr reproduction of the input waveform.
to mix two frequencleu.
CRYOTR3N.A device w ed for Switching, Distortion may consist of irregularities in
making use of the fact that the superconductive amplitude, frequency, or phase.
DITHER.A signal of controlled amplitude
transition depends on temperature as will as
and
frequency applied to the servomotor opelectromagnetic field. A straight wire is place
inside a coil of different material and cooled to erating a transfer valve. such that a transfer
its superconductive temperature at whiel, a valve is constantly being "quivered" and cancause st persistent cur not stick at its nulled position.
very small voltage
DOUBLER.In electronics, a frequencyrent to flaw through the wire. If another curmultiplier
circuit that doubles the input frerent gitteies through the coil, the turrotuidt.I.;
quency.
It
is
often used in missile transponder
:gnetic field causes the current in the wire
equipment.
The
transponder signal can thus
to cease.
DEAD RECKONING.--The process of ob- be distinguished from the ground transmitter
taining an approximate position using a fix for signal that activated it, but can still be a
a reference point and iten estimating the effects kno,m function of the original signal.
ELECTROMAGNETIC.Pertaining to the
of winds, , currents, etc.
combined electric and magnetic fields assoa high degree (Vi accuracy by the use of a quartz
crystal. Thfq frequency is dependent on the

DECIBEL..;-A unit expressing the magnitude

elated with radiation Or with movement of

of a change in sound or electrical power level. changed particles. Electromagetic radiation
One decibel (Ms) is approximately the amount includes the entire range of radiations prothat the power of a pure sine wave sound must pagated by electric and magnetic fields, in-.
be changed in order for the change to be just eluding x-vays gama, ultraviolet, light, inbarely detectable by the average human ear. frared, heat, end nano rays. From the sharteat
DECONTAMINATION.The process of re- wavelength (e,amma rays) to the longest radio
moval of contaminating radioactive material waves, all ire.vel with the speed of light.
ELECTRONICS.The blued field pertaining
from personnel, objects, structures, or anarea.
The problem of decontamination consists es- to the condrctioa of electricity icirotqh vacuum,

sentially of reduction of the level of radioactivity,' chiefly by removal of the clinging
radioactive material, and thus reduction of
the hazard it imposes to a reasonably safe
limit. The term can also be applied to the
processes applied to biological or chemical

gases, or semiconductors, and circuits associated therownh.
EMISSIVITY.. -The rate at which the surface

agents.
DELAY CIRCUIT.A circuit Which delays
the starting of a waveform.
DEMODIYLATOR.A. device which derives
infdrmation from a modulated waveform.
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of a solid or a liquid emits electrons when
additional energy is impVied to the free elec-

trons in the material by the action of heat,
light, or other ruliant energy or by the impact
of other elect?ons on the surface.

ENVELOP . b electroniesl. The glass
or metal houshig of a vacuum tube; 2. A

ci.-.1-1,e drawn to pass through the peaks of a

350
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graph showing the waveform of a modulated
radio-frequency carrier signal.
EPILATION.Falling out of the hair. Cases
described in this text were caused by exposure
to nuclear radiation.
ESCAPE VELOCITY.The speed necessary
to escape from the gravitational pull of a body.
This is calculated at seven miles per second.
A projectile accelerated from the earth's surface below this speed will gradually return
to earth (following a ballistic trajectory) be-

cause of the gravitational pull of the earth.

EXPLOSIVE TRAIN (Explosive Chain).In

missile armament, a series of explosive el-

the United States is 60 cycles per second.
In acoustics, the frequency represents the

number of sound waves passing any point of
the sound field per second. In light or other
electromagnetic radiation, frequency is usually
so enormous (500 million million per second

for yellow light) that wavelengths or wave
numbers (reciprocal of wavelength measured

in cm) are ordinarily used instead. Radio

frequencies are commonly given in thousands
of cycles (kilocycles) or millions of cycles
(megacycles) per second.
For example, 15 kc is understood to mean

15,000 cycles per second. A list of the fre-

ements including primer detonator, andbooster,

quency designations follows:

initiated by relatively weak fuze signals.

Very low

arranged to per.'At warhead explosion to be

FAIL-SAFE. A provision built into the

mechanism of a potentially hazardous piece of
equipment which provides that the equipment
will remain safe to friendly users even though
it fails in its intended purpose. A projectile
fuze which is armed viith an inertia setback
device so that it remains safe until accelerated
in firing is an example of a fail-safe device.
A missile destruct system which operates
automatically upon discontinuance of a control
signal is a fail -safe device. All nuclear weapons
have fail-safe appliances.
FIX. -An accurate navigational position
obtained by lines of bearing on fixed objects
or celestial observations.
FLASH DEPRESSANT.A compound added
to solid propellants (usually those of granular

type) to reduce the intensity of the exhaust

flame.
FLOWMETER. An instrument used to measure the flow rate of a fluid in motion.

Low
Medium
High

vlf ...Below 30 kc
mf

hf ...

Very high

vhf.

Ultrahigh

uhf.

Superhigh.

Extremely
high

shf.

30 to
300 to
3,000 to

or 3-30mc

300 kc
3,000 kc
30,000 kc

30,000 to
300,000 kc
or 30-300mc
300,000 to

3,000,000 kc

or 300-3000mc
3,000,000 to 30,000,000 kc
or 3,000-30,000mc

ehf. .30,000,000 to 300,000,000 kc
or 30,000-300,000mc

FREQUENCY BAND.A chanel of frequencies associated with a modulated carrier. Mod-

ern radars operate in the microwave region

(shf).
FREQUENCY, CARRIER.The frequency of

the unmodulated radio wave emanated from a
radio, radar, or other type transmitter.

In missile applications the rate of fuel flow
SUBCARRIER.In telemeteris an important matter in the functioning of ing,FREQUENCY,
an intermediate frequency that is modthe propulsive system. Simple mechanical de- ulated by intelligence signals and, in turn, is
vices often are not usable because of highly used to modulate the radio carrier either alone
corrosive fluids, or extremely cold fluids such or in conjunction with subcarriers on other
as liquid oxygen.
channels.
F-M/C-W RADAR.A radar which uses
FUSE. A protective device inserted in
,

frequency modulation and the pulse of continuous

wave energy for target tracking. Frequency

series with a circuit. It contains a metalthat will
melt or break when current is increased beyond

modulation is used. for determining target speed,
while the continuous wave is used for determining
range.

detonation of a . weapon under the conditions

number of complete alternations per second
of an alternating current. The standard in

that an adjustment made to one will cause the
same adjustment to be made to all.

a specific value for a definite period of time.

FUZE.A device designed to initiate a
FREQUENCY.The number of complete desired, such as by impact, elapsed time,
Cyclei per second existing in any form of wave proximity, or command.
motion. In electricity, the frequency is the
GANGED DEVICE.Components so arranged

PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

GANTRY.A device used for erecting and Solid propellants that are hygroscopic must
servicing large missiles. The large, crane be protected against moisture.
IMPEDANCE. -The total opposition offered
type structure travels on rails and can be
to
the
flow of an alternating current. It may
pushed away just before firing.
consist
of any combination of resistance, inarrangement
which
permits
GATE.An
radar signals to be received in a small selected ductive reactance, and capacitive reactance.
INDUCTANCE. The property of an electrical
fraction of the principal time interval.
circuit
which tends to oppose any change of
GATE. CIRCUIT.A circuit which passes
current
in the circuit. The symbol for inof
or amplifies a signal only on occurrence

ductance is "L" and the unit of measure is

a synchronizing signal.
GATING(CATHODE-RAY TUBE).Applying

the "henry."

INNER BODY.Any closed body, located in

a rectangular voltage to the grid or cathode

a ramjet or other duct, around which the air
taken into the diffuser or engine must flow.
INNER LOOP.In guided missile control
GHOSTS.False echo images on a radarsystems,
the feedback loop consisting of the
scope.
GLIDE BOMB.A winged missile powered control system and missile aerodynamics, as
by gravity. The wing loading is so high that contrasted to the outer loop, which consists
it is incapable of flight at speeds of con- of the external guidance system kinematics.
INTERVALOMETER.Any device that may
ventional bombardment aircraft. Such a misbe
set
so as to accomplish automatically a
sile must therefore be carried rather than
series
of
like actions, such as taking of aerial
towed to the point of release above the target.
photographs, at a constant, predetermined inGRAIN.A mass of solid propellant, cast or terval.
extruded in a single piece or fOrmedby cementISOBAR. -One of two atoms or elements
ing or pressing together smaller parts.
having the same atomic weights or mass numbers
radar but different atomic numbers.
C LUTTER. Unwanted
GROUND
echoes from terrain. Also called radar clutter.
ISOMER, NUCLEAR.One of two or more
GYROPILOT. A form of rudimentary dead nuclides having the same atomic number and
reckoning guidance which automatically controls the same mass 'number but existing for measa missile in attitude and flight path.
urable time intervals in different states.. The
HEADING. The horizontal direction in which state of lowest energy is called the ground
of a CRT to sensitize it during the sweep time
only.

.

the missile ie pointed.
HEAT ENGINE.An engine which converts
heat energy into mechanical energy.
HEAT SHIELD.A protective. shield. used
to prevent destruction of a reentry subsystem
by the heat generated in passing back into the
atmosphere.
.-.. HEAVY WATER.Water in which the hydrogen: of the water molecule consists entirely
of heavy hydrogen of mass two. It is used as
a moderator in certain types of nuclear reactors
.

and was essential in the production of the
first atomic bombs.

HOT SPOTS.- Regions in a contaminated area

in which the level of radioactive contamination

Is- considerably higher than in neighboring
"regions.
i.HYDROGEN

..

.

BOMB (or weapon).A term

sometimes" applied to miclear*eapons in which

'part of the explosive 'energy is obtained from
nuclear'. fusion, .:(or . thermonuclear) reactions.
',1".HYGROSCOPIC.Descriptive of a, material

which readily absorbs and retains moisture.
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state; all those of.higher energy are metastable
states. The letter m added to the mass number

in the symbol of the nuclide indicates it is

a metastable isomer, as Br80m.
JET STREAM.In 'meteorology, a narrow
band of high velocity wind in the upper tropo-

sphere or in the stratosphere. One is in the

northern hemisphere in the middle to northern
latitudes,. and one is inthe southernhemisphere.
The velocity varies from 100 to 500 miles per
hour.

In missiles, the jet stream is the stream
of combustion products (exhaust gas, etc.)
from a jet engine, rocket engine, or rocket
motor.'
JETTISON DEVICE.A mechanism for casting loose or' dumping a missile from a ship or
launcher, to be used in case of a misfire

or, similar mishap when there is danger of
the missile exploding on the ship. On a missile, a jettison. device separates a section of

the missile in flight, e.g., at staging of a
ballistic missile.
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JP-I, JP-2, JP-5, JP-6.Kerosene type jet
fuels with different flash points and burning

characteristics. JP-5 is used almost exclusively by Navy jets.

JP-3, JP-4.Jet fuels consisting of mix-

tures of hydrocarbons but with different burning characteristics. JP-4 is the most commonly
used fuel for turbojets.

KILL PROBABILITY.A measure of the

probability of destroying a target.
KNOT.A nautical mile (approx. 2,000 yd)
or 1.1516 statute miles per hour. It is not a
measure of distance, but of speed.
LAUNCH PHASE.That portion of the mis-

sile trajectory from takeoff through booster

MARGIN OF SAFETY.As used in missile
design, the percentage by which the ultimate
strength of a member exceeds the design load.
MARRIAGE.The process of uniting

physically the missile stages and all major
subsystems.
MEGOHM.A million ohms.

MEMORY UNIT.A data storage device

contained in a computer.
MERIDIAN. A great circle on the earth that

passes through the poles. Longitude is measured from the prime meridian, which passes
through Greenwich (near London), England.
MEV.Abbreviation for one million electron
volts, a unit of energy.

MICRO.A prefix meaning one - millionth.
burnout. For multistage missiles, it is the
period from takeoff to first-stage burnout.- The abbreviation is the Greek letter mu,
LAUNCHER, ZERO LENGTH.A launcher

that supports a missile in the desired attitude
prior to ignition, but which exercises negligible control on the direction of the missile's
travel after ignition.

LIMITER.In electronics, a circuit that

limits the maximum positive or negative values
of a waveform to some predetermined amount.

MICRON.One-millionth of a meter.
MICROSECOND.One-millionth of a second.

MICROSYN.A name applied to a small
type. of synchro whose chief merit is that
there are not electrical connections to the rotor.

It can be used as an inductive potentiometer.
MICROWAVES.Extremely short radio
waves that are not more than a few centimeters
in wavelength.

It is used in frequency modulated systems to
MISFIRE.An unsuccessful attempt to start
eliminate unwanted variations of amplitude in a rocket motor; usually but not always a case
received waves.
in which the igniter functions properly but the
LORAN.Derived from LOng RAnge Nav- propellant does not ignite (or does ignite but
igation. An electronic navigation system in goes out).
MIXER.In electronics,. a stage in which
which two or more fixed transmitting stations
utilize a pulse transmission technique. Air- two quantities are combined to obtain a third
craft and surface vessels receiving the trans- quantity. The third quantity contains the inmitted signals may determine ranges to the telligence of the original inputs. Those quanstations and thereby establish the location of tities not further desired can be filtered out.
MODERATOR.A material that slows neuthe receiver.
trons.
Used chiefly' in a nuclear reactor, or
LOX.The commonly accepted abbreviation
for liquid oxygen. The term originally denoted

atomic pile.

often abbreviated GOX.

electronics field, a single assembly of parts and/
or components to form a larger component which
meets a functional requirement by performing

liquid oxygen explosives (L for liquid, 0 for
oxygen, X for explosive). Gaseous oxygen is

MAGNETIC TAPE.A tape or ribbon of

any material impregnated or coated with magnetic or other material on which information

may be placed in the form of magnetically
polarized dots. One use is in missiles with a

preset or programmed flight path.
MAGNETRON.A vacuum tube oscillator
containing two electrodes ire which the flow
of electrons from cathode to anode is controlled
by an r.externally applied magnetic field. It is
used to generate microwaves (radar frequencies) with high output power.

MODULE.As used in the automation and

all of the resistive, inductive and capacitive functions of a vacuum tube circuit.

As a combination of components within a
package, or so arranged that they are common
to one mounting, that provide a complete function or functions necessary for subsystem. or

system operation. This type of arrangement

makes field (shipboard) repair simply.a matter
of removing the malfunctioning module and
putting a new one in its place. The defective

module is returned to the factory or other
competent agency for repair.
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MOLECULE.The smallest particle of any
substance that can exist free and still exhibit
all the properties of the substance.
MONITORING.-1. The act of listening to,
reviewing, and/or recording enemy, one's own,

NUCLEAR YIELDS.The energy released in

the detonation of a nuclear weapon. Usually
measured in terms of the kilotons or megatons

or friendly forces' communications for the

purpose of maintaining standards, improving
communications, for reference or for enemy
information. 2. The detecting and/or assessing
of known or suspected radioactive hazards,
using radiation measuring instruments.
MONOCOQUE.A type of airframe construction without framing which relies for its rigidity

primarily upon the surface or skin; a shelllike structure.

MULTIPLEX. Denotes the simultaneous
transmission of several functions over one link
without loss of detail of each function, such as
amplitude, frequency, phase, or wave shape.
MULTIPLEXER.A device by which two or
more signals may be transmitted on the same
carrier wave.
MULTIVIBRATOR.A vacuum tube oscillator circuit whose output is essentially a square

wave. A practical application is its use as a
sweep generator in TV or radar circuitry.
NAUTICAL MILE.A measure of distance
equal to one minute of arc on the earth's surface. The United States has adopted the International Nautical Mile equal to 1,852 meters or
6080.20 ft. an hour. See: Knot.
NOMINAL WEAPON.A nuclear weaponpro-

ducing a yield of approximately 20 kilotons.

See: Nuclear yields.
NUCLEAR
ACCIDENT.Any unplanned
occurrence involving loss or destruction of, or

serious damage to, nuclear weapons or their

components which results in actual or potential
hazard to life or property.
NUCLEAR INCIDENT.An unexpected event

or trinitrotoluene (TNT) required to produce the
same energy release. Yields are categorized
as:
Very low.
than 1 kiloton
Low
. . . 1 kiloton to 10 kilotons
Medium. .
over 10 kilotons to
50 kilotons
High
. . over 50 kilotons to
500 kilotons
Very High
... over 500 kilotons.

. ...... less

NUCLIDE.A general term referring to all

nuclear species, both stable (about 270) and unstable (about 500), of the chemical elements, as

distinguished from the two or more nuclear
species of a single chemical element, which are

called isotopes.. Each species of atom is distinguished by the constitution of its nucleus,
which has a specified number of protons and
neutrons, and energy content.
OSCILLOGRAM.The record produced by an
oscillograph.
OSCILLOGRAPHY. A recording instrument
for making a graphic record of the instantaneous
values of a rapidly varying electric quantity as a
function of time or some other quantity._
OSCILLOSCOPE.An instrument for show-

ing, visually, graphical representations of the
waveforms encountered in electrical circuits.
OVERPRESSURE.The pressure resulting
from the blast wave of an explosion. It is
referred to as "positive" when it exceeds the
atmospheric pressure and "negative" during
the passage of the wave, when resulting pressures are less than atmospheric pressure. It
is usually expressed in pounds per square inch
(psi) above the standard atmospheric pressure.

Peak overpressure is the maximum over-

involving a nuclear weapon, facility, or com- pressure caused by a nuclear explosion at any
ponent, resulting in any of the following but not given distance from ground zero.
PARAMETER.An arbitrary constant, as
constituting a nuclear accident: a. an increase
in the possibility of explosion or radioactive distinguished from a fixed or absolute constant:
contamination; b. errors committed in assembly, e.g., missile gross weight. Any desired numertesting, loading, or transportation of equipment, ical value may be given to a parameter. Mach
and/or the malfunctioning of equipment and number is a characteristic parameter used in
material which could lead to an unintentional computations in supersonic aerodynamics.
operation of all or part of the weapon arming
PASS BAND.(Of a filter). That band of
,and/or firing sequence, or could lead to a sub- frequencies which are passed with little attenu:--stantial change in yield, or increased dud prob- ation.
PENTODE.A 5-element electron tube.
ability; c. any act of God, unfavorable environPERIGEE.Point of orbit closest to the
ment or condition, resulting in damage to the
earth. The opposite is apogree, the highest point

weapon, facility, or component.
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in the trajectory of a missile, or in a satellite
PULSE LENGTH.The time duration of the
orbit, the point that is the greatest distance transmission
of the pulse of energy, usually

from the center of the earth.
PETECHIAE.A condition characterized by
small spots on the skin. It is caused by the
escape of blood into the tissues.
PHOTON.A photon (or x-ray) is a quantum
of electromagnetic radiation which has a zero

measured in microseconds or in the equivalent
distance in yards, miles, etc.
PULSE REPETITION RATE.(Also, Pulse
Repetition Frequency (PRF)). These terms
refer to the repetition rate or frequency of the

pulses transmitted by radar. PRR describes
rest mass and an energy of h (Planck's con- the number of pulses transmitted per unit of time.
stant) tithes the frequency of the radiation. PhoPURPURA.Medical term for a symptom
tons are generated in collisions between nuclei characterized by the appearance of purple
or electrons and in any other process in which patches on the skin and mucous membranes, due
an electrically charged particle changes its to hemorrhage in the fatty tissues beneath the
momentum.
Conversely, photons can be ab-

sorbed (i.e., annihilated)by any charged particle.
PIEZOELECTRIC EFFECT.The phenomenon exhibited by certain crystals of expansion
along one axis and contraction along another

when subjected to an electrical field. Conversely, compression of certain crystals gen-

erates an electrostatic voltage across the crystal. Piezoelectricity is only possible in crystal
classes which do not possess a center of sym-

metry.
PILE.A nuclear reactor. The term pile

comes from the first nuclear reactor which was
made by piling up graphite blocks and pieces of
uranium and uranium oxide.
PIP.-.The indication on the CRT or a radar
caused by the echo from an aircraft or other
reflective object. Also called BLIP. It may be
in the form of an inverted V or a spot of light.
PLANCK'S, CONSTANT (h).-TA universal
constant of nature which relates the energy of a
quantum of radiation to the frequency of the
oscillator which emitted it. It has the dimensions of action (energy X time).
PLASTICIZER.A material,that is added to
a rocket propellant to increase plasticity, workability, or to extend physical properties.
POTENTIAL.The amount of charge heldby
a body as compared to another point or body.
Usually measured in volts.
,

.

PREAMPLIFIER. -.A stage at the input end of

an amplifier-or receiver which increases.signal
strength.
PROPAGATION.Extending the action of;
transmitting, carrying forward, as in space or
time, through a medium, as the propagation of
sound or light waves.
PROPELLANT-WEIGHT RATIO.The ratio

of the weight of the propellant to the takeoff
weight' of thormissile. This ratio is a measure
of the. efficiency of the missile configuration and

the miisile power Plant.'

akin.

QUANTUM.A discrete q uantity of radiative
energy equal to the product of its frequency and
Planck's constant. The equation is E = hv. A
quantum of light energy is a photon.
QUANTUM THEORY.The concept that

energy is radiated intermittently in units of

definite magnitude called QUANTA.
R-C
CIRCUIT.An abbreviation

for

resistance-capacitance circuit. It is one of
the methods used to couple two electronic circuits together. Some of the characteristics
of R-C coupling are wide frequency response

and lower cost and size than that of transformer
or other inductive coupling systems.
RADAR PICKET.Any ship, aircraft, or
vehicle stationed at a distance from the force or

place protected, for the purpose of increasing
the radar detection range.
RADARSCOPE. The visual cathode-ray tube
(CRT) display used with a radar set.
RADIAC.A term devised to designate various types of radiological measuring instruments

or equipment. This term is derived from the
words "RAdioactivity Detection, Indication, And

Computation," and is .normally used as an adjective.

RADIATION INTENSITY.The radiation
dose rate at a given time and place. It may be

used coupled with a figure to denote the radiation

intensity used at a given number of hours after

a nuclear burst, e.g., RI3 is the radiation intensity 3 hours after the time of burst.
RADIATION SCATTERING.The diversion
of radiation (thermal, electromagnetic, or nu-

clear) from its original path as a result of

interactions or, collisions with atome, molecules, or larger particles in the atmosphere
or other media between the source of radiation
(e.g., a nuclear explosion) and a point at some
distance away. As a result of scattering,

radiation (especially gamma rays and neutrons)
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will be received at such a point from many

directions instead of only from the direction of
the source.
RADIO FREQUENCY (RF).Any frequency
of electrical energy capable of propagation into
space. Radio frequencies normally are much
higher than sound-wave frequencies.
RECTIFIERS. Devices used to change alter-

nating current (a-c) to direct current (d-c).

These may be vacuum tubes, semiconductors
such as germanium or silicon, dry-disc rectifiers such as selenium and copper-oxide, and
also certain types of crystals. A full-wave
rectifier circuit is one which utilizes both the

positive and the negative alternations of an

alternating current to produce a direct current.
REFLECTION INTERVAL, RADAR.The

length of time required for a radar pulse to

travel from the source to the target and return

to the source, taking the velocity of radio
propagatiok to be equal to the velocity of light,
2.998 x 10° to /sec or 299.8 m/s s.

RELAY.In electronics, there are two re-

lated meanings. First, the relay may be an
electromechanical device which, when operated
by an electrical signal, will cause contacts to
make or break, thereby controlling one or more
other electrical circuits. The solenoid is the
basic mechanism of this type of relay. Second,
the relay may be an electronic network to receive and transmit information. There is usually

SCALAR QUANTITY.Any quantity that can
be described by quantity alone, such astemperature, in appropriate units. See also: Vector
quantity.
SEEBECK EFFECT.A thermocurrent, developed or set in motion by heat; specifically an
electric current, in a heterogenous circuit, due
to differences of temperature between the junc-

tions of substances of which the current is

composed. A thermocouple produces a Seebeck
effect; the two different metals in the junction
respond at different rates.

SERVOZINK.A power amplifier, usually
mechanical, by which signals at a low power level

are made to operate control surfaces requiring
relatively large power inputs, e.g., a relay and
a motor actuator.
SHORAN.Derived from the words "SHOrtRAnge Navigation." A precise short-range
navigation system which uses the time of travel
of pulse-type transmission from two or more
fixed stations to measure slant-range distance
from the stations. In conjunction witha suitable
computer, is also used in precision bombing.
SLUG.A unit of mass. Mass in slugs is
always obtained by dividing the weight in pounds

by the acceleration of gravity, 32 ft per sect.
Turned around, we may define unit force (the

pound) as that force which, applied to a mass of
1 slug, will give it an acceleration of a foot per
an amplification stage in the relay process. second per second.
SPEED OF SOUND.The speed at which
RESISTOR.A circuit element whose chief
characteristic is resistance to the flow of elec- sound travels through a given medium under
specified conditions. The speed of sound at sea
tric current.
RESONANCE.The condition existing in a level in the International Standard Atmosphere
series circuit in which the inductive and capa- is 1108 ft/second, 658 knots, 1215 Inn/hour.
Speeds are: sonic, subsonic, transonic, supercitive reactances cancel each other.
hypersonic.
REYNOLD's NUMBER.An abstract num- sonic,
SPEEDGATE.The function of the speed.

ber characteristic of the flown of a fluid in a
pipe or past an obstruction, used especially in
testing of scale model airplanes (and missiles)
in wind tunnels. It is the ratio of the product
of the density of the fluid, the flow velocity,
and a characteristic linear dimension of the
body under observation to the coefficient of
absolute viscosity:

Re P VLFrl
where Re is. Reynold's number,P is density of
fluid, Vie velocity of flow, L islinear dimension
of the body in the flow, and 14 is the coefficient of

viscosity of the fluid.

gate is to locate the target doppler signal and
track it, and assist in guiding the missile on a
collision course. It is a narrow band-pass
filter that sweeps the specified band of frequencies to locate the signal. It may be called
a gate, and the circuit a gate circuit.
SQUIB.A small pyrotechnic device which

may be used to fire the igniter in a missile
booster rocket, or for some similar purpose.
Not to be confused with a detonator, which explodes.

STAGING.Act of jettisoning, at a pre-

determined flight time or trajectory point, certain missile (or spicecraft) components

ti
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(engines, tanks, booster equipment, staging
equipment, and !associated equipment) that are
no longer needed.
SUPERHETERODYNE.-The term "heterodyne" refers to two frequencies mixed (or beat)
together. The frequency mixing produces two

beat frequencies which are the sum and difference between the two original frequencies.
A superheterodyne receiver is one in which the

incoming signal is mixed with a locally generated
signal to produce a predetermined intermediate
frequency. The purpose of the superheterodyne receiver is to achieve better amplification
over a wide T-band of incoming signal frequencies than could be easily achieved with an RF
amplifier.
SUPERREGENERATIVE SET .-A type of high

frequency (VHF, UHF) receiver which is ultrasensitive. Advantages are extreme sensitivty,
simplicity, and reliability. Disadvantages are
broadness of tuning (poor selectivity), and re-

radiation that can cause interference in other
receiving equipment.
SUSTAINER.-A

propulsion system that

travels with and does not separate from the
missile. The term is usually applied to solid

propellant rocket motors when used as the principal propulsion system, as distinguished from
an auxiliary motor or booster. However, it
sometimes denotes any missile stage exceptthe
booster.
SWEAT
(TRANSPIRATION) COOLING.A technique for cooling combustion chambers
or aerodynamically heated surfaces by forcing
coolant through a porous wall. Film cooling at
the interface results.
TERMINAL VELOCITY. -1. Hypothetical
maximum speed a body could attain along a specified flight path under given conditions of weight
and thrust if diving through an unlimited distance in air of specified uniform density.
2. Remaining speed of a projectile at the point
in its downward path where it is level with the
muzzle of the weapon.
THEODOLITE.-An optical instrument used
for measuring angles.
TNT EQUNALENT.-A measure of the en-

ergy release from a detonation of a nuclear
weapon, or from the explosion of a given quan-

tity of fissionable or fusionable material, in
terms of the amount of TNT (trini4roluene)

liquid propellant when agitated or pumped, and
which, by the addition of powdered metal such
as aluminum, produces twice the thrust of other
propellants.
TONE
GENERATOR. -An electronic or
mechanical device whose function is to generate
a frequency in the audio range.
TR
BOX.-Common
abbreviation for
Transmit-Receive switch or tube. This switch,
or tube, permits the use of a single antenna or

a radar for transmission and reception. The
TR box prevents the absorption of the transmitted pulse into the receiver system, thereby
protecting the receiver circuit from damage,

and also prevents the transmitter circuits from
absorbing any appreciable fraction of the reflected echo signal. Also called Duplexer.
TRANSCEIVER.-A combination radio trans-

mitter and receiver in a single housing with
some of the electronic circuit componentsbeing
used dually for transmitting and receiving.

TRANSPONDER.-A
transmitter- receiver.
capable of accepting the challenge of an interrogator and automatically transmitting an appropriate reply (to IFF).

T'UBALLOY. -A colloquial term which refers

to natural uranium or to metal which is composed almost entirely of U-238. It is a contraction of "Tube Alloy," a code name used
originally to mean naturally occurring uranium
which is not easily fissioned.
UMBILICAL CORD.-A cable fitted with a
quick disconnect plug at the missile end, through
which missile equipment is controlled, moni-

tored, and tested while the missile is still
attached to the launcher.
VECTOR.-A line used to represent both
direction and magnitude.

VELOCITY.-Time rate of change or dis-

placement. Velocity is a vector quantity. The
magnitude is expressed in units of length divided

by time, and the direction is given relative to
some frame of reference, such as fixed axes og
the earth.
VERNIER.-A measuring device used for fine

and accurate measurement, consisting of a

short scale made to slide along the divisions of

a graduated instrument, to indicate parts of

divisions.
VERNIER ENGINE.-Rocket engine (usually
when exploded.
liquid) used to adjust the final velocity of a longTHIXOTROPIC PROPELLANT. --A propelpi" :range ballistic missile. The engines are also
lant of gel-like consistency which flows like any used to correct heading errors.
which would release the same amount'of energy
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VIDEO. The term is applied to the frequency

band of circuits by which visual signals are
transmitted. The term "video" is also used
when speaking of a very wide band of frequen-

cies, including and exceeding the audio band

of frequencies.
WEATHERCOCK STABILITY.-1. An aerodynamic characteristic of a body which points it

tances to the right or left (east or west) of the
reference line are marked, especially on a map
or chart.

Y-AXIS.A vertical axis in a system of

rectangular coordinates; that line on which distance above or below (north or south) the ref-

erence line are marked, especially on a map,
chart, or graph.
YAW.An angular displacement about the
into the relative wind. 2. (Arrow stability)
The partial derivatives of yawing and pitching yaw axis of a missile.
ZENITH.The point in the celestial sphere
moments with respect to angles of attack inyaw
and pitch.

X-AXIB.A horizontal axis in a system of

rectangular coordinates; that line on which dis-

directly above the observer.
ZERO-LIFT TRAJECTORY.A trajectory
which is independent of aerodynamic lift.
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INDEX
AA problem, 258-260

Beam-rider guidance, 156, 181-204
application to Navy missiles, 181
compared to command guidance, 181
components, 181
launching station components, 182
missile components, 182-184
target, 184
limitations, 203
operation of, 196-203
control radar, 198
one-radar system, 200-202
stabilization, 199
tracking radar, 197
two-radar system, 202
principles of, 184-195
control and tracking radar

Absolute temperature 70
Acceleration, 33, 231-238
Accelerometers, 161, 231-238
Actuator units, missile control
systems, 132-144
Aerodynamic forces, 29
Aerodynamics of supersonic missile flight, 35
Ailerons, 40
Air blast, 319
Air burst, 296, 304, 341
Aircraft missile systems, 265-267
Air flow over a wing section, 29
Airfoils, 31
Air Force missiles, 15-17
Airframe, 51-54
Airspeed transducers, 118
Alpha radiation, 276
Altimeters, 117
Amplifiers, 151-154
Antennas, beam-rider guidance, 187
Army missiles 14
Atmosphere, effect on missile flight, 24

transmitters, 194

guidance antennas, 184-188

over-the-horizon radar, 195
scanning, 189-194
radar beam, 193
Beam-rider trajectory, 48
Beta radiation, 276
Bibliography for nuclear weapons
orientation, 343
Binding energy; mass defect, 282
Blast damage, 304
Blisters, 325
Bolometer,, 212
Bombs, 297
"Bone seekers", 335
Boyle's law, 71
Burns, radiation, 325
Bursts, nuclear, 304, 331, 340

Atomic demolition munitions, 298
Atomic Energy Commission, 300
Atomic research, 268
Atomic structure, 270
Atomic table, 269, 270
Atomic warfare defense, 338-340
Atomic weights and bibliography, 345
Attitude control, 97
Automatic sextant, 242
Auxiliary power supply, 51
Auxiliary power supply unit,
missile control systems, 101-105

Ballistic missiles, 229-231.
Ballistic trajectory, 48
Ballistite, 94
Barium, 335
Barometrie switch, 296
Batteries used in guided missiles for
awci/isuy power supply, 105

Campini, 7
Celestial-navigation guidance, 160
Cerium, 335
Cesium, 336
Charles' law, 71
:Chemical detectors, 214
Chemical versus nuclear reactions, 275
Chemical warheads, 58
359
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Choppers, 128
Combination trajectory, 48
Combustion chamber, missile propulsion
system, 74
Command guidance systems, 156, 169-180
components, 169
definitions, 169
functions, 171
future of, 179
launching station components, 176
operation of, 170
command links, 170
information links, 170
purpose and applications, 169
transmitters, 172
types of, 172-180
hyperbolic, 173
radar command, 173, 178, 180
radio, 173-177
television, 172, 177
Command links, command
guidance systems, 170
Composite guidance systems, 159, 228
use in preset guidance system, 228
Computer, missile course, 176
Computer using specific velocity, 234
Computing devices, missile control
systems, 97, 100, 123-129
function and requirements, 124
operating principles, 128
types of, 125-128
Constant-dive-angle system for missiles, 239
Control and tracking radar transmitter,
beam-rider guidance, 194
Control components and systems, 97-144
actuator units, '132-144
auxiliary power supply unit, 101-105
computing devices, 123-129
control action, types of, 100
control systeins, 100
controller units, 129-132
definitions, 97
energy sources, 101
factors controlled, 99
methods of control, 99
missile-control servosystem, 105-108
pickoffs, 119-123
purpose and function, 98
reference devices, 108-113
sensor units, 113-119
Controllers and actuators, 154
Control matrix, 159

Cruciform, 45
Cruisers, guided missile, 249-251
Damage from nuclear weapons,. 316-333

areas, 317
ashore, 318
blast, 319

compared with chemical explosion, 317
drag, 320
eye damage, 326
nuclear radiation, 333
ship damage, 318
shock, 321
thermal radiation, 324
zones, 318
Defense Atomic Support Agency, 300
Degressive burning, 93
Delivery systems and techniques, 298
Destroyers, guided missile, 251-253
Diaphragm timers, 111

Diffusers, 79
Dirt cloid, 308

Doppler homing equipment, 166
Doppler principle, 166-168
Doppler radar, 168

Drag, 32

Drag damage, 320
Drag reduction, 44
Ducted propulsion systems,. 80-86
Dummy warhead, 59

Earth's magnetic field, 164-166
Electrical control system, 133, 141
Electrically damped accelerometer, 163
Electrical timers, 109
Electronic observation, command
guidance systems, 170
Elevators, 40
Energy sources, missile control
systems, 101
Error signals, missile control
systems, 108
Exercise warheads, 59
Exhaust nozzle, jet propulsion
systems, 74-78
Exhaust vanes, 42
Explosions, 303
Eye injuries, 326
Fallout, 330
Fallout,: protection from, 338
Feedback systems, _154
Feed systems, liquid-fuel

lockets, 88

Control radar, beam-rider

Fin designs, ,46

guidance, 198

Fire storm, 327

Coriolis force, 50
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Fission weapons, 290
Flash depressor, 94

Fleet ballistic missile, 2
Formulas and laws, jet propulsion, 70-74
Fragmentation warheads, 56
Fuels, jet engine, 76
Fuel supply, missile propulsion
systems, 76-78
Fusion weapons, 293-295

Fuzes, guided missile, 59-64
Fuzing for surface burst, 296
Fuzing techniques, 296

location of components, 51, 52
payload, 57
propulsion systems, 51, 54
sectionalization of, 51
telemetering systems, 64-68
warheads, 51, 55-59
Guided missiles, delivery systems
and techniques, 298
Guided missiles, introduction to, 1-23
after and during World War II, 10-12
classification of, 12
components of, 6

current U.S. service missiles, 14-23
Air Force missiles, 15-17
Army, 14
Navy missiles, 17-23
designations, 12
Navy missile and rocket, 13

Galcit, 95
Gamma radiation, 277
Gas laws; jet propulsion systems, 71
Gas tight envelope, 339
Glossary, 347-358
Goddard, Robert H. , 7

Go lay detector, 212
Ground zero, 342

Guidance antennas, beam-rider, 184-188
Guidance systems, 145-168
application of natural phenomena, 164-168
Doppler principle, 166-168
earth's magnetic field, 164-166
basic principles, 146
components of,. 148

amplifiers, 151-154
controllers and actuators, 154
feedback systems, 154
reference units, 151
sensors, 148-151
phases of guidance, 146-148
purpose and function of, 145
types of, 155-164
active, 221,. 222

beam rider, 156
celestial, 160
command, 156
homing, 205-224

inertial, 6, 160

navigational, 231-248
optical, 170
passive, 159, 210-217

radar, 185.
radio, 173

television, 172, 177

terrestrial, 160

Guided missiles, components of, 51-66
airframe, 51-54
.t
auxiliary power supply, 51_
body configuralion, 53

guidance,' 4-6

systems, 9
history of, 6
propulsion systems, 6-9
purposes and uses of, 2-4
symbols, 13
types of, 4
weapons systems, 2
Guided missile ships and systems, 249-267
aircraft missile systems, 265-267
mission of, 249
submarine missile systems, 261-264
surface ship missile systems, 254-260
AA problem, 258-260

missile logistics, 260
missile stowage, loading, and
launching systems, 258
Navy Tactical Data System, 260
organization of missile ships, 254
Terrier (RIM) missile system, 255-258
types of missile ships, 249-253
cruisers, 249-251
destroyers, 251-253
submarines, 253
Guns, 291, 298
delivery techniques, 298
Half life, principle of, 277
Half thickness, examples of, 278, 279
Heading reference, 226
Heat barrier, 36
High altitude bursts, 315
Homing guidance, 205-224
active homing guidance, 221, 222

basic principles, 205
interferometer, 222-224
passive homing system, 210-217

control dystem, 51
guidance system, 51
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Homing guidance (continued)

basic principles of, 210-214
infrared target detection, 217
missile components, 214-217
radio frequency, 217
target characteristics, 214
semiactive, 218-221
trajectories, 207-210
lead angle or collision course, 208-210
pursuit homing, 207
Hot-gas auxiliary system, 102
Hybrid guidance, 160
Hybrid propulsion engine, 96
Hydraulic actuators, missile, 133
Hydraulic-electrical control
system, 133
Hydrodynamics, 46
Hyperbolic guidance system, 157, 173
Hyperbolic trajectory, 48
Hypersonic flight, 36

Ignition systems, missile propulsion
systems, 78
Illuminating warheads, 59
Impact fuse, guided missiles, 60
Implosion weapon, 292

Inertial guidance, 6, 160
Information links, command guidance

systems, 169, 170
Infrared portion of electromagnetic spectrum,
passive homing system, 210
Infrared target detection, passive homing
guidance system, 217
Injectors, missile propulsion
systems, 78
Initiator, 293
Mine cruciform, 45
Intercontinental ballistic missile, 2
Interferometer, homing guidance, 222-224
Ionosphere, 26
Isotopes, 272

Jet, atmospheric, 44
Jet control, 42
Jet propulsion systems, 54, 69
Launching station components, command
guidance systems, 176
Laws and formulas, missile propulsion

systems, 70-74
Lead angle course, 48, 208
Lead homing, 159
Lift, 31
Lift and drag, 28
Lift effectiveness, 44

Liquid-damped system, 162
Liquid-fuel rockets, 88-92
Liquid propellants, 77
Lobe formation of radar beam, 186
Local fallout, 341
Loran system, 157 t

Lorin, Rene, 7
Luminescent detectors, 213

Mach numbers and speed regions, 35
Magnetic forces, 50
Manometer accelerometer with
venturi damper, 163
Mass-energy, laws of, 281
Matter, nature of, 269-275
atomic structure, 270
atomic table, 269
chemical implications, 271
chemical versus nuclear
reactions, 275
electrical implications, 271
electron shells,. 270
isotopes, 272
nuclear symbols, 272
stability, 273
Mechanical digital indicator, 227
Mechanical. timers, 109
Missile configUration, effects of, 44-47
Missile cpntrol components and
systems, 97-144
actuator units, 132-144
auxiliary power supply unit, 101-105
computing devices, 123-129
function and requirements, 124
operating principles, 128
types of, 125-128
control action, types of, 100
control systems, 100
controller units, 129-132
electrical, 133, 141
hydraulic, 133
hydraulic - electrical, 133
pneumatic, 133, 137-141
pneumatic-electric, 141
definitions, 97
energy sources, 101
factors controlled, 99
methods of control, 99
missile-control servosystem, 105-108
pickoffs, 119-123
purpose and function, 98
reference devices, 108-113
sensor units, 113-119
Missile course computer, 176
Missile dive attitude, 240
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Missile flight, factors affecting, 24-50
aerodynamic forces, 29
air flow over a wing section, 29
effects of, 31-33
missile control, 33-35
terminology, 30
aerodynamics of supersonic
missile flight, 35-47
control of supersonic missiles, 39-44

heat barrier, 38

Mach numbers and speed

regions, 35
missile configuration, 44-47
Reynolds number, 35
shock wave, 36-39
atmosphere, 24-26
coriolis force, 50
forces acting on a flat surface in

an airstream, 28

gravity, 49
lift and drag, 28
magnetic force, 50
Newton's law of motion, 27
relativity of motion, 27
wind, 49
Missile plotting systeth, 177
Missile propulsion systems, 69-98
atmospheric jets, 80-86
pulsejet engines, 80-82

ramjets, 84-86
turbojets, 82-84
basic laws and formulas, 70-74
absolute pressure, 70
absolute temperature, 70
application of, 72-74
gas laws, 71

components of, 74-80
combustion chamber, 74
diffuier, .79
exhaust nozzle, 74-76
fuel supply, 76-78
ignition systems, 78

injectors 78

Missiles, components of, 51-88
airframe, 51-54
auxiliary power supply 51
body configuration, 53
control system, 51
guidance system, 51
location of components, 51, 52
payload, 57
propulsion systems, 51, 54
sectionalization of, 51
telemetering systems, 64-88
warheads, 51, 55-59

Missiles, current, U.S. service, 14-23
Air Force missiles, 15-17

Navy, 17-23
Missiles, introduction to, 1-23
after World War U, 12
classification of , 12
components of, 8
current U.S. service missiles, 14-23
designations, 12
during World War II, 10
guidance, 4-6
history of, 6
propulsion systems, 6-9
purposes and uses of, 2-4
symbols, 13
types of, 4
weapons systems, 2
Missile ships and systems, 249-267
aircraft missile systems, 265-267
mission of, 249
4.
submarine missile systems, 261-264
surface ship missile systems, 254-280
types of missile ships, 249-253
Missile stowage, loading, and launching
systems, 258
Missile tracking radar, 176
Missile warheads, 297
Motion, 27

Motor timers, 109
Mushroom cloud, 306

jet propulsion systems,
classification of, 69
principles of, 70-74
rocket moters,;,86-96
hybrid propulsion, 96
liquid-fuel rockets, 88-92
nuclear-powered rockets, 95
solid-fuel rockets, 92-95
Missile receiver, beam-rider.
guidance, 188
Missile response, homing guidance
signals, 206

Navigational guidance systems, 231-248
automatic celestial navigation, 244

celestial-ineitial system, 241-243
inertial guidance, 231-238
terminal inertial guidance
systems, 238-241
terrestrial reference navigation, 245-248
Navy missiles, 13, 17-23
and roc(cet designations, 13
Navy Tactical Data System, 260
Neutron radiation, 277
Neutron sources, 292
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Newton's laws of motion, 27,73
Nitroglycerine, 94
Noise filters, 245
Nuclear and thermonuclear warheads, 59
Nuclear fission, 283-287
Nuclear particles, 273
Nuclear physics, fundamentals of, 268-289
atomic research preceding the bomb, 268
atomic structure, 270
chemical versus nuclear reactions, 275
isotopes, 272
nature of matter, 269-275
nuclear particles, 273
nuclear reactions, 281-289
binding energy; mass defect, 282
laws of mass-energy relationship, 281
nuclear fission, 283-287
nuclear fusion, 287-289
nuclear symbols, 272
objectives, 269
radioactivity, 275-281
stability, 273-275
Nuclear-powered rockets, 95
Nuclear radiation, damage from, 333
Nuclear reactions, 281-289
Nuclear symbols, 272
Nuclear weapons, 290-301
Atomic Energy Commission, 300
atomic demolition munitions, 298
bombs, 297
comparison of, 295 .
Defense Atomic Support Agency, 300
delivery systems and techniques, 298
fission weapons, 290
fusion weapons, 293-295
fuzing techniques, 296
guided missiles, 298
guns, 291, 298
delivery techniques, 298
implosion principle, 292
importance of, 290
missile warheads, 297
neutron sources, 292
organization, 299
safety and security, 298
Nuclear weapOns, bibliography for
orientation, 343
Nuclear weapons, effects of, 302-342
air blast, 319
atomic warfare defense, '336-340
bibliography for nuclear weapons
orientation, 343
bursts, 304, 330, 340
air, 330
surface, 331

underground, 332
comparisons, 302
damage, 316

eye darner; 326

dirt cloud, 308
employment of nuclear weapons
effuc t, 340.342

air burst, 341

scaling laws, 34.1
.subsurface burst, 341
surface burst, 340
explosions, 30F
fallout, 329, 338-340

fire storm, 327

Mach front, 308
protection of personnel, 308
radiation hazard, 307
injury and sickness. 333
radiation, nuclear, 329-336
radiation, thermal, 323-329
shock, P21
Nutating lobe, beam-rider guidance, 187
Nutating waveguide, beam-rider
guidance, 186

One-radar system, beam-rider
guidance, 200-202

°pacifier, 94

Optical observation, command
guidance systems, 170

Over-the-horizon radar, beam-rider
guidance, 195

Oxidizers, jet engine, 76
Payload, guided missiles, 57
Passive homing, 159; 210-217
basic principles of, 210-214
infrared target detection, 217
missile components, 214-217
radio frequency, 217
target characteristics, 214
Photodetectors, 213
Pickoffs, 119-123
Piston type timers, 110
Plasticizer, 94
Plume, 313
Plutonium, 335
Pneumatic control system, 133, 137-141
electric, 141
Pneumatic timers, 110
Polaris missile, 2, 263
Potentiometer pickoffs, 120
Power plants, missile jet, 70
Preset guidance system, 160, 225
altimeters, 227
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Preset guidance system (continued)
information set in the missile, 226
length of flight, 227
use in composite systems, 228
Progressive burning, 93
Propellants, 77
advanced, 95
and propulsion systems, 95

charges, solid, 92
Propulsion systems, missile, 69-96
atomspheric jets, 80-86
pulsejet engines, 80-82
ramjets, 84-86
turbojets, 82-84
basic laws and formulas, 70-74
absolute pressure, 70
absolute temperature, 70
application of , 72-74
gas laws, 71
components of, 74-80
combustion chamber, 74

diffuser, 79
exhaust nozzle, 74-76
fuel supply, 76-78
ignition systems, 78
injectors, 78
jet propulsion systems, 69
principles of, 70-74
rocket motors, 86-96
hybrid propulsion, 96
liquid fuel rockets, 88-92
nuclear-powered rockets, 95
solid-fuel rockets, 92-95
Protactinium, 268
Protection of personnel, 308
Proximity fuzes, 61
Psychological warheads, 59
Pulse-Doppler radar, beam-rider

Radiation, injury and sickness
caused by, 333
RadiatiOn, nuclear, 329-336
bursts, types of, 330-333
fallout, 329
injury, 333-336
shock, 321
sickness, 334
Radiation, thermal, 323-329
Bikini tests, 329
effects on materials, 326-328
effects on people, 324-326
burns and blisters, 325
eye damage, 326

fire storm, 327

range of, 328
Radiation warheads, 59
Radioactivity, 275-281
Radio and radar command guidance, 173
Radio command guidance system, 173
Radio command transmitter, command
guidance systems, 174
Radio frequency passive homing
guidance, 217
Radiotelemetering, 64
Ramjets, missile propulsion

systems, 84-86

Receivers, command guidance
systems, 172
Reference devices, missile control
systems, 108-113
Relativity of motion, 27
Residual radiation, 335
Reynolds number, 35
Rocket engine, jet propulsion
systems, 70
Rockets
designations, 13
liquid fuel, 88
motors, 86-96
nuclear-powered, 95
solid-fuel, 92
Rudders, 40

guidance, 195

Pulsejet engines, 80-82
Pursuit curve, 8
Pursuit homing, 159, 207
Radar-beacon, command guidance
system, 179
Radar command guidance,
155, 173, 178, 180
Radar mapmatching, 246-248

Radar, missile tracking, 176
Radar beam used in beam-rider
'guidance, 184

Radar transmitters, control and tracking, 194
Radiac circuit, 281
Radiation, beam rider guidance, 185
Radiation hazard, 307
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Safety and security, nuclear
weapons, 298
Scaling laws, 341
Scanning, beam-rider
guidance, 189-194
Self-contained guidance systems, 160-164
Semiactive homing, 159, 218-221
Sensor units
guidance system, 148-151
missile control system, 111-119
Servomechanism, 100
365
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Shaped-charge warhead, 57
Shipboard protective measures, 336
Ship damage from nuclear weapons, 318
Shock caused by nuclear weapons, 321
Shock wave, 36-40
Shore base protection, 337
Sidewinder, 4
Slick, 310
Slot, 41
Solar fusion cycle, 293
Solenoids, 130
Solid-fuel rockets, 92-95
Sparrow missile system, 265
Spoiler, 41
Steller supervised inertial
autonavigator, 242
Stratosphere, 26
Strontium, 335
Submarine missile systems, 261-264
Submarines, guided missile, 253
Subroc missile system, -264
Subsurface bursts, 309, 341
Supersonic missiles, control Of,. 39-44
Surface iiirst, 308, 340
Surface ship missile systems, 254
Symbols, 13
Tabs, .41

Tail arrangements,. 45
Target, beam-rider guidance, 184
Teak burst,' 315
Telemetering systems, missile
propulsion, 64-68
Television guidance systeth, 172, 177
Terrestrial guidance system, 160
Terrier (RIM) missile:system, 255-259
Thermal radiation, 323-329
Bikini tests, 329
effects on materials, 326-328
effects on people, 324-326
burns and blisters, 325
eye damage, 326
fire storm, 327
range of, 328
Thermal timers; 109

Thermistors, 212
Thorium, 268

Thrust, 33
Time delay fuse, 60
Timers, mechanical, guided missile
control system, 109
Timing devices, 296
Tracking, guided missile, 9'7
Tracking radar, beam-rider
guidance, 197
Training warheads, 59
Trajectories, guided missile, 47-50
Transfer valve, 130
Transmitters, command guidance
systems, 172

Trinitrotoluene 296
Troposphere, 25

Turbines used in auxiliary power
supply, 103
Turbojets, 82-84

Two-radar system, beam-rider
guidance, 202

Ultraviolet radiation, 325
Underground bursts, 313
Underwater bursts, 310
Undeiwater problem, 262
U.S. Service missiles, 14-23
Air Force, 15-17
Navy, 17-23
Uranium, 268
°Uranium series, 276

Vector control, 42
Velocity-daniping doppler,
radar, 168
Vertical-dive system for
missiles, 240
Vibrators, .129

.

_

Warhead, guided missile, 51,55-59
'Weapons, nuclear, 290-301
Whittle, Frank, 7

Zero-lift inertial system, 240
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