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FOREWORD

The three handbooks devoted to Elements of
Terminal Ballistics are part of a group of hand-
books covering the engineering informs.cion
and quantitative data needed in the desigr and
construction of Army materiel, which (as &
group) constitutes the Engineering Design
Handbook Series.

The handbooks on Elements of Terminal Bal-
listics present information on the fundamental
principles governing the behavior of ammuni-
tion in its final phase. Ammunition is produced
with a great variety of final purposes in mind,
and the designer must direct his endeavors
toward obtaining the desired effects to the
greatest pussible degree within the limitations
which consideration of weight, bulk, and safety
impose. Any improvement in the effectivencas
of ammunition will be reflected directly in re-
duction in the time and quantity required for
accomplishment of any mission, and may be
sufficient to make the difference hetween defeat
or victory.

Because of the great variety of purposes for
which ammunition is designed, and the com-
plexity of the theories and engineering prin-
ciples associated with each type, and which
differ hetween these types in great degree, it
has not been possible to present within practi-
cable limits all of the factors of design or fo
give illustrative designs showing the applica-
tions in existing ammunition. In™ “sgme cases
the necersity of maintaining e reasonsble
security level has also been a controlling factor.

To offset these recognized limitationa, both a
reference and a biblicgraphy have been pre-
pared as a part of each major subdivision. The
reforence includes material for supporting
statements made in the handbook text, and the
biblicgraphy provides for ext 1ded reading on
the subject to improve and »~ plify the under-
standing of priaciples in\:nh e

The handbooks are presented, in three
PARTS, each of which constitutes & volune.
PART ONE (AMCP 70§-160! covers*intro-
ductory information, mechanisma for accom-
plishing the desired effects, the character of the
target as it influences the effect, and collection
and analysis of data covering the mechanism of
effect. Chapter 1 provides a short history of
terminal ballistics and briefly outlines current
programs. Chapter 2 discusses the physical
mechanisms by which damage may be inflicted
upon targets; that is, it describes the various
means of ubtaining terminal ballistic effects.
The emphasis is on the pheromenology involved,
without application of the mechanisms to spe-
cifie targets. Qualitative information is pre-
sented in order {o identify those parameters
associated with esch mechanism which influ-
ence its effectiveness or damage capability.

Chapter 3 discusses the ways in which vari-
ous tarpets can be killed, incapacifated, or
rendered incapable of performing their fune-
tions. The vulnerbility of wvarious target
classes to appropriate kill machanisms is de-
scribed in detail, and particular emphasis is
placed on the various features of each that are
most susceptible to attack. Targcet parameters
which influence the target wulnerability or
damage-resistance capability are identified. A
separate section is devoted to each of the fol-
lowing target classes: personnel, ground ve-
himes, ground structures, and aircraft.

Chapter 4 presents detailed technical in-
formation concerning the physical processcs
involved in various kil mechanisms. The
processes are first deacribed from the theoreti-
cal point of view which forms the basis for
scaling laws. Discussion of sealing laws in then
presented, followed by a description of the
experimental techniques used in collecting data
whmhmnotspeeiﬁedlyumdtolputicnhr

ype. A separate section ix devoted to
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each of the following: blast, thermal and Eb. Of the three chapters in PART

nuclear radiation, fragmentation and penatra-
tion, and detonation phvsics.

PART TWO (AMCP 706-161) is devoted to
the collection and analysis of data ccneerning
the target toward which the mechanism of
effect is directed. Methods of collecting termi-
nal ballistic data are described that are
specifically related to the incapacitation or de-
foat of particular targets. Also discussed is the
synthesis of these dats a3 necessary for the
predictivn of kill probabilities. A great deal of
Lallistic data is presented, v.ich most of the
information included for the purpose of show-
ing how raw data from ballistic tests are or-
ganized and presented, Some of the data, such
a3 penetration curves and component damage
data, should prove usefu) for genera! reference
purposes.

Of the four chapters constituling PART
TWO, Chapter 5 is concerned with the incapaci-
tation and mortality of personnel due to pro-
jectiles, blast, theimal and nuclear radiation,
and chemical and biological agents. Chapter 6
is concerned with the incapacitation and defeat
of ground vehicles iu terms of test parameters
for projectiles, armer material, and penetration
formulas, and in terms of test and data genera-
lion and analysis, lethality evaluation methods,
and in the synthesis of kill probability from
nuclear weapons. Chapter 7 deals with ground
structural targets of various trpes in terms of
fullscale experimenta, model loading tests,
anslyses and tests to obtain response dats,
anslysis of wartime bomb damage and of catas-
trophic accidents, and with the synthesis of
probabilities of ground target damage. Chapter
8 is a discussion of kill mechanisms in terms of
aircraft damage, a consideration of damage to
yarious aircraft components in both operational
ard teat environments, methods of test and data
generaticn, and the synthesis of data,

PART THREE (AMCP 706-162) discusses
the targyets of the future, missiles and satellites,
and the application of the principles discuased
in PARTS ONE and TWO to the attack of these

THREE, Chapter 9 describes in a general man-
ner such kill mechanisms as nuclear effects,
particle beams, fragmentation, rendezvous type
mechanisms, and electronic countermeasures.
1t alzo briefly describes certsin currently un-
feasible mechanisms. Chapter 10 provides a
qualitat’ve discussion of the major sources of
vulnerability of missiles and of satellites. The
characteristics of both, and of their components,
are briefly described in terms of some of the
means by which they may be defeated. Chapter
11 discasses mnethods for obtaining terminal

ballistic data on missile and space targets, as

well as the means of using data for quantitative
results.

The handbooks were prepared under th-
direction of the Engineering Handbook Office,
Duke University under contract to the United
States Army. The material for the handbooks
was prepared by Aircraft Armaments, Inc.,
with the techrical assistance of the Ballistic
Research Laboratories. Reviews and valuable
contributions were made by personnel of the
Frankford, Picatinny and Edgewood Arsenals
(now of the Munitions Command); the Engi-
neer Research and Development Laboratory
(now of the Mobility Command); and the Red-
stone Arsenal of the Missile Command.

Comments and inquiries on these handbooks
should be addressed to Army Research Office
(Durham), Box CM, Duke Station, Durham,
N. C.

Since preparation of the text of this hand-
book, responsibility for design and fer all other
functions pertaining to Army materiel, includ-
ing publication of this series of handbcoks, has
been assumed by the Army Materie! Command.
Any indicated responsibility of the Ordnance
Corps in this regard should be understood as
the responsibility of the Army Materiel Com-
mand.

Information on resulting changes in hand-
book designation, together with a current list
of handbooks, is contained on the inside back
cover,
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PREFACE

Introduction, Kill Mechanisms, and Vulnerability, forming PART
ONE of Elements of Terminsl Ballistics, contains Chapters 1 through 4.
Chapter 1 provides a brief history of terminal ballistics and a summary of
current areas of interest in Terminal Ballistics.

Chapter 2 describes the various kill mechanisms, that is, the mechan-
isms for obtaining terminal ballistic effects. Chapter 3 covers target
vulnerability for targets consisting of persunnel, ground vehicles, aireraft,
and surface and underground structures. Chapter 4 covers the coliection
and analysis of data concerning kill mechanisms,

A glossary and an index are included as part of this handbook.

The other handbooks which, together with this volume, comprise Ele-
ments of Terminal Ballistics are:

AMCP 706-161 (S) PART TWO, Collection and Analysis of
Data Concerning Targets {U)

AMCP 706-162 (S-RD) PART THREE, Application to Missile
and Space Targety (U)
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Chapter 1 (U)
INTRODUCTION

Section i-=Brief History of Terminal Ballistics

1-1. PRE NINETEENTH CENTURY

It can be apeculated that man has always had

& deep intereat in increasing the effectiveress
of the weapons he employed in his battle for
survival. Tt was not until the time of Galileo
and Newton, however, that scientific principles
were developed and applied to problems asso-
ciated with weapons and projectiles. The
earliest probler: to receive attention was that
of delermining the variation of range with tiie
change of elevation angle, for & given gun,
charge, and projectile, This muy be considered
k2 beginning of the general fleld of ballistics
and, in particuiar, of what is now called “ex-
terior ballistica™. Science in the eighteenth
eentury was occpied mainly with the develop-
ment of mathematics, physics, and mechanics.
The further application of these sciences to
weapon problems was made in 1829 by the
French engineer, J. V. Poncelet (1783-1887).
Poncelet postulated & luvr of resistance for the
penetration of projectiles into targets and con-
ducted experiments to detormine values for the
two parameters involved. Poncelet's resistance
iaw is stil} used today, s3 sve experiments to
determine the parame.sm for new target ma-
terisls and yrojectile condigurations. The work
of Poncelet would appear to mark the begin-
ning o»f what is now Lucwn as “termiual bal-
Wh? d

it paneral feld of ballistics must be clasai-
4e. .= o appied rather than a pure science
Taveswopra rts in most applied sciences seem to
“# ¢ <..pressed into relatively short periods of
Hoy  vapein a particular external stimulus
vrs ces rapid advances in the field. It is per-
4aps unfortunate, but true, thut the applied
scienca of ballistics is stimulated by national
or international situations of war.

1-2. THE NINETEENTH CENTURY

1=2.1. Generul

During the nineteenth century, British mili-
tary enginecrs were much concerned with the
design and conatruction of ships and land forti-
fications t0 withstand penetration of solid pro-
jectiles, The first recorded instauce in which
a projectile was fired from a rified gun at
aymor for isnd fortifications was in 1860, wien
an 80-pounder Armstrong gun fired wrought-
iron, flat-headed shot, and a 40-pounder fired
cast-iron shot, at two iron embrasures 8 inches
and 10 inches thick fixed in masonry work at
Shoehurymess (Ref, 1). Experiments with pro-
jectile effect on armor occurred rapidly after
this. A selection nf these experiments followa.

1=2.2. 1861—Armor Bucked with Yorious
Materisls »

Trials were conducted with wrought.iron
armor backed with rigid materials, such as
cast iron and granite, and backed with regilient
naterials, such as timber, cork, and rubber,
The results indicated that the hard becking
increased the resistance to penetration but led
to cracking and to failure of fusteners.

T=d.3. 1862=-1054—Simulated Ship Torgets

Ship hulls were simulated, and trials were
conducted with & 104¢ inch gun firing 300-
pound cylindrical shot at 1,820 ft/sec. There
appears to have been a controveray at this time
as to whether flat-nose or ogival-nose shot was
more effective against armor. It was reasoned
that the ogival shape would be deflected more
readily by sloped armor.
1=24, 1845—Land Fertifications

Masonry targets 14 feet thick were fired on
with 7-, 8-, 9.22-, and 1{-inch guus at ranges
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of 600 and 1,000 yards. Steel and cast-iron
shot with hemispherical and elliptical (ogival)
heads were used. The damage was assessed as
follows: : ,

1. 88 hits did seriods damage.

2. 54 hits would hgve silenced return fire.

8. 86 hits destroyed the walls.

Other trials at this time brought out the
excellent qualities of chilled cast iron for shot.
This type of shot became known as Palliser
shot, after Sir W. Palliser who suggested the
ides. The trials alac established the superiority
of the ogival head over the blunt head.

1=2.5. 1871—Simulgied Ship Torgets with
Spucad Armer

Two ship targets were simulated. The first
wag protected by a single plate built up to a
thickness of 14 inches, The second target was
protected by ar 8-inch plate and a t-inch plate
separated by 9 inches of timber. The trials
showed the supetiority of the spaced armor, A
series of trials was then conducted to deter-
mine the optimum spacing and filler material.
It was concluded that & 5-inch space filled with
cement was oplimum. Apparently the spaced-
armor technique was not widely used because
no one knew quite how to employ it in the con-
atruction of fortifications. An interesting ob-
sarvation was made during these trials, how-
ever, as quoted directly from Ref. 1.

“It may be well to mention here & very
remarkable result that was obtained in the
course of the early trials with plate-upon-plate
atructures. Whan void spaces were left between
the plates of these atructures, it was found that
the heads of the Palliser shells collapsed com-
pletely under the work they had to do in pene-
trating them, and, naturally, the effect pro-
duced uponi the target was thereby very much
reduced.”

1-24. 1872—SMip Turret Tesh

Trials wers conducted at Portland using the
turret of the HMS Glatton as the target and
the 12-inch, 25-ton gun of the HMS Hotapur,
at 200 yards range, as the weapon. The turret
armor was 14 inches thick. Two Palliser shots

SYEEREr— '

were fired with 86-pound charges. The results
reported (Ref. 3) were that . . . there was
some damage done inside the turret, but the
goat, rabbit, and fowl emerged unharmed.”

1-2.7. 18%~uBorly Uss of a Mussive Rxplosive
Charge

An item of allied interest during this period

was the use of a large quantity (52,000
pounds) of explosives to remove reefs in the
East River in New York, There was appar-
ently much apeculation as to the effect the det-
onation of this quantity of explosives might
have on structures in the surrounding area. It
was reported that many people left their homes
fearing possible collapse, Curiosity apparently
overcame fear, however, because an estimated
260,000 people lined the river bank on the day
of the blast. The charge was set off in Septem-
ber 1876, shattering millions of tons of rock.
Eyewitnesses reported & rumbling or shaking
of the ground, the rising of a great mass nf
water to & height of 20 to 40 feet, followed by
an immense masy of smoke. There was no re-
port of damage to any of the nearby atructures.

1=3. THE TWENTIETH CENTURY THROUGH
WORLD WAR N

During the early part of the twentieth con-

tury, military engineering interest was atill
contered in the fleld of penetration ballistica.
However, during World War | severa] innova-
tions were introduced which were the forerun-
ners of new areas of intereat. The sirplane was
introduced as s weapon carrier, and air-to-air
combat led to interest in what is now called
giroraft vulnersbility, Chemical agents were
introduced as damage mechsnismas, ultimately

leading to interest in personnel incapacitation

by chemical and other means, Interest in dam-
age to structures by blast, rather than penetra-
tion, arose from the posaibility of aerial bom-
bardment and from tha realization that not all
miliuryurm»uldbefqrﬂﬁd. ‘
Pertinent developments in other flslds pro-
vided facilities ard instrumentation for much
more exacting work in terminal ballistics. It
was during this period that the major bailistics
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research establishments were organized. In the
United States, the Naval Ordnance Laboratory
wao forraslly established in 1929 and the Army
Ballistic Research Laboratory was formally
established in 1937. (Both of these had been
functioning fcr a number of years prior to their
formal activation under their present names.)

During World War II many new ordnance
items were develcped and introduced (Ref. 2).
Some of these ilems were the preximity fuze,
shaped charge ammunition, guided missile, aire
craf; »ocket, flame thrower, and atomic bomb,
Each of these new developments opened ‘vast
new areas for investigations in terminal bal-
listics.

1-4. POST WORLD WAR 1l THROUGH 1940

The largest area of terminal ballistic ac-
tivity since World War II has been the atomic
and nuclear weapons effects program. These
operations were managed by the Armed Forces
Special Weapons Project (AFSWP), and were
participated iv by all military services, us well
as by numerous educational and industrial or-
ganizations. The new damage mechanisms of
blast, and thermal and nuclear radiation have

received & great amourt of theoretical and ex-
perimental attention.

Second only to the nuclear weapons effects
program has been the aircraft vulnerability
program. For example, the development of the
guided missile, capable of carrying various
kinds of warheads, led to a terminal ballistic
program concerned with the means of deter-
mining aireraft and missile vulnerability. This
program has aliso been actively involved with
such atudies as the effects of explreive charges,
delay fuzes, incendiaries, and high explosive
loading in projectiles,

The introduction of the shaped charge has
led to extensive analysis and testing of the
shaped charge versus armor plate. In addition,
the explosive launching of fragments has re-
vived interest in the field of penetration bal-
listics.

The launching of earth satellites and the de-
velonment of the ICBM have caused much in-
tereat and speculation in the pussibility of new
damage mechanisms. The investigation of these
mechanisma is presently somewhat limited
because facilities for controlled experimenta-
tion have not yet been perfected,

Section li—Current Pragrams in Terminal Ballistics

1-5. GENERAL

Virtually every world power is currently ac-
tive in some aspect of the field of terminal
bailistics. In the United States all of the mili-
tary services have active programs, which
taken together involve dozens of laboratories,
research institutions, and industrial contrac-
tors. No attempt will be made in the following
paragraphs to credit individual prograna to
the proper investigating or sponsoring agency,
Rather, a summary of current arcas of activity
(Ref. 3) will be presunted which ia believed to
he representative of all the various inlerests.

1=6. PERFORMANCE OF EQUIPMENT IN A
NUCLEAR ENVIRONMENT

Because adequate shiclding cannot always be
provided for protection of vital components

from nuclear radiation, attempts are being
made to develop components and =ystems with
greater radistion resistance. [n addition, vari-
ous agencies are engaged in efforts to provide
procedures snd datu whereby the capability of
current miiitary equipment to survive nuciear
radiation may be predicted. It i anticipated
that these programs will ltead to the develop-
ment of new design procedures and concepts to
improve the radiation resistance of equipment,

1=7. DETONATION

Programs in this area are concerned with
various aspects of the physics of Lhe detonation
process. The initiation of high explisives by
pressure waven transmitted across air gaps or
metal barriers is of particular interest. Other
programs are concerned with the effects of ex-
ternally applied electric and magnmetic flelds
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upon detonation, and with the development of
explosive-electric transducers.

1-8. HYPERVELOCITY IMPACT

Impact between amall fragments and struc-
tural targets is currently of interest for veloci-
ties up to 50,000 ft/sec. Satellite and ICBM
vehicles make this order of magnitude of
velocity technically feasible. Current activities
in this field are directed toward means for at-
taining such velocities in the laboratory, Veloci-
ties of 20,000 ft/sec. are presently attainable,

and efforts are being expended in developing a.

better understanding of the phenomena ex-
hibited in this hypervelocity range.

1<9. SHAPED CHARGES

Current interest in the shaped charge field is
centered in efforts to improve the theory relat-
ing design and performance of this type of
weapon. One problem receiving attention, for
example, is the design of liners to compensate
for the deleterious effects produced by the apin
of the projectile.

1=10. GROUND SHOCK

Research in grourd shock phenomena is con-
tinuing, utilizing both laboratory and field test
techniques. Efforts are being made to improve
both measurement and scaling techniques, as
well as to determine the dynamic stress-strain
properties of various transmission media.

1=11. AIR BLAST

Extenaive pron'frnms are currently active in
order to determine the effect of blast waves on
structures. Shock tube facilities are being used
to study diffraction loading and target dynamic
response. High-speed track facilities are being
used to realistically simulate the interaction of
blast waves and the transonic and auperwmc
flow fielda of airfoils. -

-

1-12 WOUND sausTies

The objective of this eonﬁnuinz program is
to provide a knowledge of the wounding poten-
tial of fragments, bullets, and/other damage

mechanisms. A quantitative basis for the as-

sessment of wounding potutis( i3 necsasary for
the design of effective antipersonnel weapons.

]
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Chapter 2 (S)
KILL MECHANISMS

W
g
a

- Section | (C)Fragments

2-1. (U} INTRODUCTION

Fragmentation is the disruption of a metal
container by a high explosive filler, Its purpose
is to produce the optimum distribution of a
maximum number of high velocity iethal frag-
ments. Due to the use of the high expiosiv:
filler, fragmentation i3 always accompanied by
biast.

The fragment acts as a kill mechanism by
impacting the target at high velocity with its
mass and forcing its way through the target
material. The kinetic energy of the fragmeat
at the time it strikes the target is one measure
of its lethality. However, what constitutes the
optimum fragment maas, velocity, and distribu-
tion of fragments will vary according to the
target, be it a human, truck, airpisne, building,
satellite, ete.

It is generally desirable to have a shell or
bomb body break up into pieces no larger than
are required to “kill" the particular target.
This arrangement provides the maximum num-
ber of effective fragments, by aveiding frag-
ment sizes that are larger than necessary.
Fragments are employed in projectiles in three
different ways, as uncontrolled fragments, con-
trolled fragments, and preformed fragments.
Each of these three different types is discussed
in following paragraphs. Special attention is
also given to the effects of changes of velocity.

2-1. (U} PRINCIFLES OF OPERATION

To understand the mechaniam involved in &
fragmentation weapon, it is necessary to know
what happens to the fragment between the
time of weapon detonation and the time of
fragment arrival at the target. Upon detona-
tion of the explosive charge, the detonation
wave causes the explosive and ita case to swell

until the failure point is reached. The cast
then fails in shear and tension, and fragments
are e¢jected at high velocity. The fragments
achieve an initial velocity and form a pattern
(or beam) dependent primarily upon the physi-
cal shape of the casing. Aarodynamic drag
forces slow the fragments during their flight
1o the target, as do the retardation effects of
any target shielding penetrated prior to impact
with the target. The area effectively covered
by the beam of fragments depends to a large
extent on the angle of fall of the projectile and
the range to the target.

The fragmenta produce damage by penetra-
tion of a target. Upon impact with a hard tar-
get, such as steel or concrete, the kinetic energy
of the fragment is transferred to the target
material. If the energy transferred by the frag-
ment is great enough to stress the target be-
yond its limit, penetration takes place. The
kinetic energy is transmitted to the target from
the fragment through the contact area, or
presented area, of the fragmeut. For frag-
ments of equal mass and velocity, the one with
the least presented area will penetrate more ex-
tensively. due to the higher concentration of
energy tranafer,

Upon impact with a soft target, such as the

human body, the fragment penetrates with
much less loas of energy and often passes com-

.pletely through the body. The effectiveness of

the fragment depends upon the amount of
energy loat to the target during fragment
travel within the target. The shape of the
fragment mayv be more significant in a soft
target than within a hard target, because the
shape will influence the path of the fragment
and the rate of energy transfer. Relative to a
given target, the penetrating power of a frag-
ment is dependent, therefore, upon its mass,

2-1
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shape, and striking velocity. A discussion of
the effectiveness of fragments against soft tar-
gets is included in Ch. 3, Par, 3-3. The discus-
gion of basic fragmentation and penetration
data is found in Ch. 4, Sec. [IL

2-3. (V! UNCONTROLLED FRAGMENTS

2-3.1. Deseription

Many items of explosive ordnance are de-
signed to produce uncontrolled fragments as
the primary kill mechanism. When the casing
of & bomb, shell, warhead, or grenade fa rup-
tured by the detomation of its high explosive
filler, portions of the casing are propelied out-
ward at high velocity. These segments of the
casing are known as fragments. When no
provision is made in the design of the projectile
{0 control the size and shape of the segments,
the segments are termed uncontrolled (or na-
tural) fragments. The casting and explosive
materials, charge-to-metal ratio, casing thick-
ness and configuration, point of detonation,
ete., determine the characteristics of the frag-
menta.

‘Within some degree of probability, the fixed
characteristics of the fragments are the num-
ber of fragments,”initial velocity, weight dis-
tribution, and apatial characteristics. Those
characteristies which differ with ambient con-
ditions are blsst and the retardation of frag-
maents. .

2-32. Exemples

Two typical examples of uncontroiled frag-
mentation devices are & high explosive (HE)
artillery shell and a general purpose (GP)
bomb. The high explosive eapacity of a bomb
or shell will vary according to its mission and
method of projection. A shell designed to be
fred from a high-velocity tank gun must have
thicker shell body walls, and consequently less
explosive content, than one designed for use in
a low-velocity howitzer or mortar (Ref. 1).
The thicker walls are required to withstand the
higher acceleration forces encountered at the
time of firing, The bursting charge capacity of
a bomb will depend upon its mission: an
armor-piercing bomb must have much thicker
w. s than & general purpose bomb. A light-

case bomb has thinner walls than the GP bomb,
and sacrifices fragmentation effect for in-
creased biast effect.

Shells, bombs, and fragmentation grenades
basically consiat of & metal casing, a high ex-
plosive filler, and a fuze. The casing is usually
steel, and an explosive such as trinitrotoluene
(TNT) may be used as the high explogive.
Various fuzes are employed, depending on the
delivery mechanism and the target characteris-
tics. Since fragmentation devices are designed
to be detonated near, rather than upon strik-
ing, the target, proximity (VT) fuzes are often
employed.

2-4. (U) CONTROLLED FRAGMENTS

2-4.1. Description

Controlled fragments are produced by war-
head casings designed to break up in specific
patterns, The fragment takes on its final in-
dividual shape during the expansion of the
products of explosive detonation. Some of the
methods employed to achieve various degrees
of conirol consist of: multiple wall casings;
casings made of @ series of rings, or helically
wrapped wire, where the rings or wire may or
may not be notched (grooved); casings that
are scored (grooved) in onhe or two dirsctions;
and fluted liners inserted between the charge
and the casing to focus the detonation on the
casing in & desired pattern.

2-4.2. Adventeges

Through the use of controlled fragments, the
amount of casing metal that is wasted in frag-
ments too small to be effective, or larger than
necessary, is kept to a minimum. The most
efficient fragment size and shape for use
against a specific target can be selected, and
optimum fragment pattern and initial velocity
can be approached within practical limits.

The mechanics of kill by a controlled frag-
ment is identical to that of an uncontrolled
fragment; however, controlled fragments offer
the advantages lsted below:

1. The performance of enntmﬂad {fragments
can be predictad more accurately.

2. When the parameters affecting penetra-

tion (velocity, mass, snd shape) are con-
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trolled, greater damage will be inflicted more overall damage within the human body
e to a target for which the weapon is thmdidtheonmnal misaile.

designed.

8. Fragments with better aerodynamic
characteristics can be employed, result-
ing in higher impuct velocitics and
greater penetration.

3-5. (J) PREFORMED FRAGMENTS

The most complete control of fragment size
and shape is achieved by the use of preformad,
or precut, fragments. Preformed fragments,
formed duriug weapon fabrication, exist in
their final shape before detonation of the ex-
plosive charge, and they are mechanically held
in thet; proper-orientation around the eharge

reformed fragmrents ,are used in a
ptnbe J{signed warhead, breakage of frag-
mntll upon expuision and adhesion of frag-
meniy to each other may be considered negli-
gibie, and nesrly 100 per cent fragmentation

fragmants. In the same manner in which con-
trolied fragments offer advantages over uncon.
troiled fragments, preformed fragments may
closely approach optimum fragmentation ef-
fects for a specified target, because nearly
complete control of fragment mass, shape, and
velocity can be designed into the weapon.

2-4. (U) SECONDARY FRAGMENTS

Secondary fragmentation results from break-
up of either controlled or uncontrollad frug-
ments upon impact, or from the ereation of
fragments from the target material when it is
impacted by & projectile. One important ex-
ample of secondary fragmentation s the

spalling of armor plate when it ix pierced by

armor-piercing ‘shot. The fragments or spalla
are broken off the back of the plate and become
significant kill mechaniams within the armored
enclosure. Another example of secondary frag-
mentation is the break-up of human bone strue-

2.7. (€] CONYINUOUS RODS

Continuous rods represent a specialized ex-
teasion of fragmentation techniques, in which
discrete rod fragments are replaced by s bundle
of metal rods. The rod bundle is arranged in
the form of a hollow cylinder with the rod
axes parsllel to the eyliader axis. Alternate
rod ends are welded together to form a con-
tinuous expanding ring when the rods are
launched at high velocity by & central eylindri-
cal, or annular, high explosive charze. As the
bundle of rods expands outward from the point
of detonation it forms a continuous and ex-
panding hoop, which eventually breaks up into
several pieces as the hoop circumference ap-
proaches and exceeds the total of the rod
lengths. The cutting ability of the rods is a
function of the rod hoop weight and its veloe-
ity. A warhead of this type can produre severe

» coiitrol is achieved. bouctural, o " dam ot

- Typical shapes used for preformed frag- J-ructural and componen age against &
. ments are cubes, rods, spheres, and flechettes 7¥® dligt—frupe u'i‘“t .F°:a:h" m“'R;?
. (fin-stabilized darts or needles). They cause 2°°"") erec use is agninst aircraft targets (Ref.
o damage by penetration, as is the case with all .

2-3, (C) HYPERVELOCITY FRAGMENTY
IMPACT {Refs. 3 and 4)

2-8.1. (U) Descriptien

Obaservations of the effects of increases in
fragment velocity have revealed three general
conditions of impact, characterized by the be-
havior of the fragment and target material. In
the low velocity condition, the fragment ve-
maing intact and the cavity produced in the
target may be only slightly larger in diameter
than the fragment. As the striking velocity in-
creases, the dynamic pressures encountered
excaed the strength of the fragment, which be-
gins to break up, initisting the transitional con-
dition. This causes the penetration to increase
more siowly with inereasing veloeity; in some
cases it causes an actual reduction in the pene-
tration with incressing velocity. As the strik-
ing velotity increases further, the penetration
again increases, proportional to a [ractional

i ture upon the impict of u penetrating missile  power of the veiocity (usually between 14 and
The bone splinters or fragments may cause 14). The crater formed approaches a hemi-
i : 2-3
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spherical shape, and the hypervelocity or fluid-
impact condition begins.

The term hypervelocity, when used in the
terminal ballistics sense, is applied to the
crater-formation phenomenon, rather than o
a specific impact velocity. One criterion for
the onset of hypervelocity is that the cavity
shape muat be approximately that of a hemi-
sphere, No single numerical value can be as-
signed for the beginning of this velocity range,
a8 the velocity is & function of the strength
characteristics of both the target and the frag-
ment materials. Hypervelocity fragmunts and
cratering are discuased in detail in Ch. 4, Par.
4-13. .

2-8.2. (U} Effoct of Hypervelecity lmpact

The transition condition of hypervelocity im-
pact is clearly demonatrated in the case of &
steel projectile impacting on a thick lead tar-
get. The penetration increases roughly as the
first pawer of the velocity up to about 0.5
km/sec. (1640 ft/sec.), and then decreases as
the inverse first power of velocity up to about
0.8 km/sec. (2600 ft/sec.). Penetration of the
steel projectiie into the lead then increuses
again, proportional to the 14 power of velocity.
1t is interesting to note that the penetration
does not rise to its earlier maximum value until
the impact velocity reaches 2 km/sec. (6560
{t/sec.), which is a fourfold increase. The ac-
tual eavity volume continues to increase with
velocity increase, but its shape is changing to
become more nearty hemispherical. The veloc-
ity boundsries and detailed character of the
transitional condition are not well defined, and
differ markedly with target and projectile ma-
terisl. The transitionsl condition has been as-
sociated with the plastic wave velocity for the
target material, but it would seem that a more
important factor would be the impact pressures
¢ termined by the velocity and target density
as well as the strength of the projectile,

In the true hypervelocity impact condition,
it is expected that the crater formed in a semi-
infinite target will be hemispherical, independ-
ent of the ratio of projectile and target denai-
ties and, to & considerable extent, independent
of the projectile shape except in the case of
large length/diameter ratios, These featires

UNCLASSIFIED e

secm to be confirmed by experimental resuits,
to date.

2-8.3. [C) Stager of Creter Formation

(C) Three stages have been identified in the
formation of the crater in the hypervelocity
condition, as & result of experimental work in
wlich flash X-ray photography is employed.
Initially, the mechanism appears to be a hydro-
dynumic one in which both the target and the
projectile flow plasticslly during the primary
stage, and the kinetic entergy of the projectile
is transferred to the target. This primary
stage persists for only a amall fraction of the
total time of crater formation. During the pri-
mury stage, the pressures generated are of the
order of millions of atmospheres, and the den-
sity of the target and projectile behind the
shock front may be appreciably increased. For
example, talculations for the impact of iron on
iron at 6.5 km/aec, indicate that the maximum
pregsure is about 2 megabars, which corre-
sponds to a density ratio of about 1.4.

(C) After the pellet has been completely
deformed and lost its integrity, the energy is
transferred Lo the target in the form of a
plastic deformation wave. The cavitation con-
tinues for a period that depends on the amount
of energy transferred.

(U) Finally, there is a plastic and clastic
recovery stage which follows the immediate
crater formation. Craters in 280 aluminam
have been chserved to recover shout 30 per
cent by volume.

(U) The great bulk of experimental work

" in hypervelocity impact has been devoted to the

study of crater formation in essentially semi-
infinite targets, in an effort to develop sn
understanding of the basic phenomena. How-
aver, studies have indicated that, if the pene-
tration in a semi-infinite target is p, complete
penetration of & plate of thickness up to 1.6 p
msy be obtained with the same projectile and
impact veloeity. In a marginal hypervelocity
penetration, however, the projectile ur frag-
ment itself does not carry through, but spalling
and some flow of the target material will be
produced and may be sufficient to cause dam:.ge
to internaj components.
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Section Il [C)—Solid Projectiles

2.4. (Y) INTRODUCTION

Solid projectiles, like fragments, act as kil
mechanisms by their penetration of a target.
The term “kinetic energy (KE) projectiles” is
often used to refer to solid projectiles, because
their terminal effects are dependent upon the
kinetic energy of the projectile at the time it
strikes the targel. Examples of solid projectile
types are: bullets, armor-piercing shot, single
flechettes, knives, and arrows,

Unlike the fragment, the solid projectile is
usually fired singly (one projectile per round
fired), has a sharp or relatively sharp tip, and
is Jaunched in a path directly at the target. In
contrast to this, the fragment is produced mul-
tiply as a result of an explosion, has no particu-
lar penetrating surface, and reliance is placed
upon a number of fragments, distributed in
space, to hit the target. The solid projectile is
also differentiated from the explosive “‘shell,”
whose terminal! ballistic effects depend on blast
and fragmentation, rather than the kinetic
energy of the projectile.

2-10. (U) BULLETS

Bullets are classed as solid projectiles fired
from small arma weapons, usually limited to
caliber .50 and below. There are several types
of bullets, usad for various purposes, the service
types being ball, armor-piercing, tracer, incen-
diary, and armor-piercing in-endiary. Special
purpose types are used for testing and prac-
tice, but will not be considered here. Bullets
have & metal core and a gilding metal jacket,
and some have a filler in the point or base, or
both. Fig. 2-1 illustrates some typical bullet
types.

Ball ammunition is effective aguninst per-
sonnel or light materiel. The bullet is usually
comprised of a core, composed of an antimony-
lead slloy, and a gilding metal jacket. Caliber
.50 ball ammunition bullets, however, use a
core of soft steel to provide hallistic properties
similar to the armor piercing bullet (Ref. 6).

The kill mechanism of ball ammunition
against both hard and soft targets is the same

673522 O.69--3

a3 that previously described for fragments.
That is, the penetration and amount of damage
is 8 function of the shape, weight, and striking
velocity of the bullet. When used against light
target materials, ball ammunition may produce
secondary fragments that are effective against
personne] located behind the target.

Armor-piercing bullets contain a hardened
steel core and & point, or base, filler of lead or
sluminum between the core and the jacket,
They are designed for use against armored air-
craft and lightly armored vehicles, concrete
shelters, and other bullet-resisting targets.
Armor-piercing bullets employ the same kill
mechanisms as ball type ammunition, that is,
penetration into hard and soft targets and the
production of secondary fragments. Armor-
piercing bullets have greater penetrating power
than other types of standard ammunition due
to the presence of the hs iened steel core. This
core resists deformatic - upon impact with the
target and thus muuitains & smaller impact
area, resulting in a longer duration of highly
concentrated forces,

Tracer bullets contain a chemical composi-
tion in the rear which is ignited by the propel.
lant charge and which burns in flight. The
forward haif of the bullet contains a lead slug.
Tracer ammunition is primarily used for ob-

servation of fire. Secondary purposes are for

incendiary effect and for signaling.

Incendiary bullets contain an incendiary
which is ignited upon impact. Armor-piercing
incendiary (APIl)} bullets are designed to
“flash” on impact and te then penetrate armor
plate. The main kill mechanism is the pene-
tration of fuel cells and the ignition of the fuel
in the target. Destruction is accomplished by
the combined use of kineticenergy impact and
fire,

2211, {C) FLECHETTES

Flechettes are fin-stabilized solid projectiles
with 2 length to diameter ratio much greater
than that of a bullet. The general configuration
and nomenclature are shown in Fig. 2-2. Fle-

00NN 2-5
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Figure 2=2 (C). Flechette Configuration (U}

chettes, sometimes called darts or needies, are
made in a variety of materials, sizes, and
shapes. Fin forms vary widely with manu-
facturing techniques and application, and may
be straight, or canted to pruvide spin in flight,
or on-center or offsst to conform to special
packing requirements. Many point shapes are
utilized ior improving terminal baliistics effects
against specific targets (Ref. 6). ]
Flechette employment may be diviged into
two major categories: as used in antipersonnel
warheads: and as used in smal] arms ammuni-
tion, in either scatter-pack cartridges or indi-.
vidual projectile rounds. In antipersonnel war-
heads, the flecheties offer advantages over
cubes and similsr fragments by their superior
aerodynamic characteristics and penetrating
power. Damage is achieved by penetration and
perforation, and is enhanced by the higher
long-range striking velocity of the flechette.
This permits more frugments of lower unit
mass to be incorporated in a fragmentation
warhead, providing better area coverage.

In small arms ammunition a pack of flechettes
may be used in what is known as a scatter or
salvo round, or a single flechette can be em-
ployed to provide a cartridge of small size and
light weight. The scatter rounds are foreseen
as particularly adaptable to short range wea-
pons, such as shotguns or caliber 45 hand

c- k:,:}m,, ' ?: Rt .,‘,I position  rms, to provide increased probabilities of hit.
D- mnlm K- gll;l;u Metal Clod The single flechettes provide a relatively flat
. Container trajectory projectile for long ranges.

E « Lear - Artimony L - Lond - Antimony
Bass Filler S The flechette may be made lighter in weight
than a buliet, yet otain comparable lethality,
Figore 2-1. Bulles because the light flechette can be lsunched at
=~SECRET
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higher velocities than the bullet for the same
gun preasure and will vetain its velocity for
longer ranges. The smaller frontal ares of the
flechette enhances its penetrating power and,
if its remaining velocity is sufficiently high, it
wili tumble within & soft target and transfer
its energy to the soft target at a greater rate
than a bullet. For impacts at velocities below
that at which tumbling occurs, the flechette
wounds by cutting permanent slits that are
comparable in size to the lateral dimensions of
the fins.

Flechettes appear to have good character-

isties with respect to penetration of hard tar-
gets, but additional studies are required for a
complete analysis. Additional studieas are also
required on the action of flechettes within soft
targets, and on the factors ufecting tumbling.

2-12. (V) ARMOR-PIERCING (AP)
PROJECTILES

Armor-piercing projectiles achieve their
terminal effect by forcing their way through
the target material under the impetus of kinetic
energy, as do fragments, bullets, and flechettes.
Armor piercing “shot,” for exampie, is & solid
projectile without a bursting charge, for use
with cannon, and thus differs physically from
bullets, even though both moy be armor-
piercing.

Armaor-piercing projectiles are deaigned

apecifically to attack hardened targets such as
armored vehicles, and are sometimes used
against reinforced structures. For this reason
they are charicterized by high accuracy and
high velocity (a flat trajectory resulting from
short time of flight}, because of the importance
of achiovirg a first-round hit (Refs, 1 and 7).
Armor-piercing projectiles are discussed in
more detail in Ch. 6, Par. 6-5.2,

2-12. (U) HIGH EXPLOSIVE PLASTIC (HEP)
ROUNDS

High explosive plastic rounds achieve their
terminal effect by spalling the interior surface
of armor plate. This type of round is discussed
in detail in Ch. 6, Par. 6~5.4.b,

3=14. (U} KNIVES, BAYONETS, AND ARROWS

Knives, bayonets, and arrows are sometimes
used in combat. They are suitable for use
aguinst personnel, but require conaiderabls skill
in handling in order to achieve a kill,

Knives and arrowa have been uged in recont
tiraes in order to attack sentriss and outposts
when silence has been necessary, Bayonets
have been used in hand-to-hand combat, but
remain & weapon of last resort. It may be
necessary for a soldier to resort to the bayonet
in close combat should he not have time to re-
load his rifle.

Section Il (5)—Shaped Charqes

2-18. {U) INTRODUCTION

The performance of the shaped charge mis-
sile in no way resembles that of the kinetic
energy projectile. Its effect is due entirely to
the formation of a high velocity jet of gases
and finely diviled metal, which bacomes the
penetratior medium. The thickness of material
that can be penetrated is essentially independ-
ent of the projectile’s atriking velocity. The
projectile case remains at the outer face of the
target.

A shaped charge missile consists basically of
& hollow liner of inert material, usyally metal,

that is a conical, hemispherical, or other shape,
backed on the convex side by explosive. A con-
tainer, fuze, and detonating device are included
(Fig. 2-3).

Shaped charge projectiles intended for use
againat armored vehicles .are often designated
by the letters “H.E.AT.” which stand for
“High-Explosive Antitank.” The abbreviation
is often reduced to “HEAT,” which has been
interpreted by some to infer that the projectila
burns its way through the ac.ugor. This is not
& correct assumption; the letters are simply an
abbreviation whick, by coincidence, spells out a
common word.

L — 21
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Baliistic Cup,  2-16. (U) PRINCIFLES OF OPERATION

w . When the shaped charge missile approaches
or strikes a target, the fuze (proximity or con-
tact) detonates the charge from the rear. A
detonation wave travels forward and the metal
liner is collapsed, starting at its apex. The col-
lapse of the linar cone results in the ejection of
Liner @ long, narrow jet of metal particles from the
liner, at velocities from 10,000 to 39,000 ft/sec.

This process is illustrated in Fig. 2-4 by the
series of ultra-high speed radiographs of an

Figure 2-3. Shaped Cher, jocile,
S‘hu:apﬂ.c Diﬂgm';m ‘ experimental shaped charge lined with & 45- |
|

2,00 “ 2l snet I — '

3,00’ ] 32,50 " ————
4,50C 4 M ,00c . -
45,50 il .t engn e —— et
i
."-_-'-_-.'“ TR = e ..
Aluniean Torget Black
@-1/d i x2-1/4 In. x 6 In.)

} Figue 2.4, Uivu-High Speed Aadiograph of Shaped Chorge Delenation
{ 28 BN
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degree ateel cone, radiographed at successive
times to depict the mechaniam of cone coilapae.
The charge wai 50/60 Pentolite, having a base
diameter of 3{ inch. The time, noted in miero-
seconds for each radiograph, denotes the time
after the detonation wave passed the apex of
the liner cone. There is a gradient in the veloc-
ities of the elements of length along the jet.
The elements in front move faster than those
in the rear, thua causing the jet to lengthen,
thereby reducing its average density with time.
The jet is followed by the major portion of the
now completely collapsed cone. The latter is
often referved to as the “slug,” or “carrot,”
because of its peculiar shape.

The description of the principles of opera-
tinn of the shaped charge, given above, is gen-
eral in nature. Shaped charge design involves
numerous, variable parameters. It should be
recognized thal considerable latitude exists in
the choice of these parameters; but also that
many permutations of these could (and should)
result in the same net effect,

2=17. (U} JET PENETRATION

When & jet strikes a target of armor plate or
mild steel, pressures approximating 250,000
atmospheres are produced at the point of con-
tact. This pressure produces stresses far above
the yield strength of steel; consequently, the
target material flows out of the path of the jat
as would & fluid. There is s0o much radial
momentum: associated with the flow that the
digmeter of the hole produced is considerably
larger than that of the jet. The difference in
diameter between the jet and the hole it
produces depends upon the strength character-
istics of the target plate. Thua, a larger hole
is made in mild steel than in armor plate, and
the penetration depth in a very thick slab of

e

target material by the jet must be dissipated.
The slight additional penetration caused by this
afterflow is called secondary penetration. Its
magnitude depends upon target strength, and
accounts for the differences cbserved between
the depths of penetration in mild steel and in
homogeneous armor, although there is probably
m;m difference in the primary penetration as
well.

While some exceptions will be found to the
following rule, the depth of primary penetra-
tion, I, depends mainly on several factors: the
length of the jet, L; the density of the target
material, p,; and the average density of the j ¢,
#» It has been found that P is proportional to
LVPJIP!: E“’iliz'

PaKLVe/m (2-1)

The jet density, p,, is proportional tn the den-
sity of the cone liner material, partictes of
which aie dispersed throughout the primary
jet,

2-18, (C) PENETRATION FACTORS (Ref. 1)

212.1. {C) Typs, Demity und Rate of
Deteonation of Explesive Charge

While the depth of penetration is indicated
to be more closely related to detonation pres-
sure than to the rate of detonation, because of
interdependance of effects it may be said that
the greatest effect will be produced by that ex-
plosive having the highest rate of detonation.
Table 2-1 illustrates the relative effect of four
different castable explosives.

Although the rate of detonation is of prime
importance in selecting a high-explosive filler,

TARLE 2.1 (C). DETONATION RAT:
COMPARED TO PENETRATION FOR FOUR
CASTASLE EXPLOSIVES (V)

mild steel can be as much as 30 per cent greater :;tgw
than in homogeneous armor. Detonstion in Pon:-z
As the jet particlen atelyv-, t'uc::mm carr;e:i Demaity Rate tration

radiall” with tie waryet malerial. Thus, the jet Efficien
6 used up from the front, becoming shorter _XPosive (grams/cc) (m/sec.) ol
and shorter, until finally the last jet particle Comp B 1.68 8,000 1
strikes the target and the primary penetration  pentolita 1.64 7,640 2
process stops. The actual penetration continues Ednatol 1.62 7,500 8
fur a shert time after cessation of jet action, TNT 156 8,900 i
because the kinetic energy imparted to the
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other properties of the explosive must be taken
into consideration. Among th -se are sensitivity
to initiation, pourabiiity, ar ‘hermal stability.

2-18.2 (C) Confinsment of Charge

Confinement is inherent in & military projec-
tile, whether it be the relatively heavy confine-
ment found in the shell thickness of the 105-mm
Howitzer, or the thin-gage wall of the bazooka
rocket. Also, the confinenient effect is noted
whether the confinement is provided by an in-
creased wall thickness or by a “belt” of ex-
plosive. Its effect on shaped charge aclion s to
decrease lateral loas of pressure, and to in-
crease the duration of application of pressure.
This results in a2 more efficient shaped-charge
collapae, and, therefore, increased hole volume
or depth in the target material. As a matter of
design compromise the wall may be quite thin
in order to provide a lighter projectile, thus
obtaining a higher muzzle velocity, which
should increase the hit probability. Ilowever,
the thinner wall results in less depth of target
penetration.

2-18.3. (C) Shape, Diemeter, and Longth of
Charge Back of Liner

The length of the projectile body, and hence
of the charge, is most frequently limited by
agrodynamic performance and projectlile
weight specifications. In general, the penetra-
tion and the hole volume cobtained increase
with increasing charge length, but reach » limit
at about 2 or 2.5 charge diameters. (Charge
length is measured from the apex of the liner
to the rear of the explosive charge.) Existing
shiaped charge designs usually have one of the
shapes shown in Fig. 2-8. Although each can
be made to perform satisfactorily, type (A)

Figure 2-5. Shaped Charge 8ody Designs
2-10 -
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has the advantages of increased amount of
high-explosive, which could result in increased
sccondary effects of blast and fragmentation.
Types (B) snd (C) are sometimes necessitated
by the requirements for a lighter projectile
weight, in order to increase muzzle velocity and
ACCUrACY.

2-18.4. (C) Liner Materiel and Thickness of
Liner

The shaped charge effect is not dependent on
the presence of a liner, but because the pene-
tration of the jet is proportional to the square
root of its demsity, the material of the liner
enhances the effect by increasing the density
of the jet, Incressed depth of penetration is
obtained as the liner is made thinner, but thin
lineta require much closer manufacturing
tolerances than the thicker ones. The net ef-
fect of these contradictory faciors is that the
penetration depth will inerease up to a muxi-
mum as the liner thickness is decreased (Fig.
2-6), at which point the manufae!ring im-
perfections will become more important, and
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further decreases in liner thickneas result in
leas penetration. The alloy of the metsl to be
specified for the cone should generally be that
which has the greatest ductility. Copper, steel,
and aluminum have ali been used. Fig. 2-7
showa the variation in penetration, as a fune-
tion of standoff, obtained with liners made of
these materizls. (Refer to Par, 2-18.8 for a
definition of “siandoff ™)

2-18.5. {C) Liner Shaps

Differently shaped liners and cavities react
in different ways, For example, a conical liner
(Fig. 2-8) collapses from the apex aud ap-
proximately 70 per cent to 80 per cent of the
liner follows behind the jet as a slug. Hemi-
spherical liners appear to turn inside out, most
of the liner being projected in the jet. How-
ever, the best and most consistent results have
been obtained with conical liners. This may be
because it is more difficult to maintain close
tolerances with shapcs other than conical,

e

Double-angle conical liners are also being in-
vestigated. Firings early in the study of double-
angle cones, with cones in which the change
fromn one angle to another was made abrupily,
did not show any increase in penetration. How-
ever, with cones in which the chanyge from one
angle to another was made smoothly, and the
liner wall was tapered, peak performance was
obtained at normally available standoffs.

2-184, (C) Effects of Rotation Upen Jots

The rotation in flight of a spin-stabilized,
shaped-charge projectile with a simple liner, as
previously described, causes a large decrease in
penetration. This effect is especially noticeable
at lurge standoff. In the process of jet forma-
tion from a rotated liner, there is induced not
only the typical, linear velocity gradient found
in all shaped charges, but an additiona! rota-
tional velocity gradient as well, The base of
the cone hay a higher tangential velocity than
the apex. Consequently, when the come col-
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Figure 2-7 (C). Pemtrotion Obtained with Differsnt Liner Moteriols ()
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Figure 2-8 (C). Typical Linar Shopes and
Hole Proflas (U)

iapses, the faster-moving particles of the cone
base form the tail end of the jet. The rear end
of the resultant jet is, therefore, rotating
faster than the forward end, and the rotational
velocity should show a continuous decreate
from the rear of the jet to the forward tip.
As long us the jet is continuous, therefore, it
may be considered as being subjected simul-
taneously to tension resulting from the linear
velocity gradient, and to torsion produced by
the rotationa) velocity gradient (Rel. 8).
. It is possible to study in detail the deteriora-
tion of the jot by the use of triple-exposure
flash X-ray plotures of detonated, shaped
. The observed, detailed effects of rota-
tion are illustrated by the radiographs shown

2-12

in Fig. 2-9. Part (A) of the figure shows three

- views, 60 degyees apart, of the normal jet from

an unrotated, 105-mm, smooth, copper liner of
good quality. Part (B) shows three views of &
jet from a similar liner rotating at 16 rps.
These show the marked tendency toward
ellipticity of the transverse cross-section of tae
jet, as well as an early incidence of jet break-
up.

Part (C) of the Agure shows, at 30 rps, the
incidence of the “bifurcation” phenomenon.
(Bifurcation is the radial break-up of the jet

(A} UNROTATED JET

J

(8] JET AOTATING AT 15 RPS

2 PR BN A AN caanm——

(C) JEYT ROTATING AT 30 RPS

Figure 2-9 (C). Efecis of Rotation upon Jets (U}
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into two distinct jety.) The two separate por.
tions of the bifurcated jet appear to lie in a
piane. The same charge, detonated at 45 rps,
produces bifurcated portions which no longer
lie in & plane but appear to lie along a helical
surface. Experimental observations indicate
that at rotational frequencies considerably in
excess of 60 rps, the process of bifurcation
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gives way to “polyfurcation.” (Polyfurcation
is the radial break-up of the jet into more than
two distinet jets.)

In order to counteract the rotational fre-
quencies of the jet, it is necessary to impart to
each element of the liner, by some mesn,
& tangential component of velocity which is
equal in magnitude but opposite in direction
to that met up by the initial spin of the Jliner,
The simplest means of accomplishing this is to
find 2 way of using the energy of the explosive
to produce a counter-torque on the liner.

Attempts have been made to improve the
performance of spin-stabilized shells by using
varions non-conical, axially-symmetric liners.
However, such attempts have not been promis-
ing at high rates of apin; therefore, tie major
emphaais has been on the design of fluted liners
not having axial symmetry.

The idea underlying the use of fluted linera
is that of spin compensation to destroy the
angular momentum of the liner, to inhibit jet
spreading, The fluted-liner method of apin
compensation is based on two phenomena. One,
sometimes called the “thick-thin" effect, is the
observed dependence upon the thickness of the
liner of the Impuise delivered to a liner elcunent
hy the product gmses of detonation. The sec-
ond, named the “transport” effect, is the de-
pendence of the impulse delivered to the liner
upon the angle at which the detonation
products impinge on the liner.

Application of the thick-thin effect to a fluted
liner is illustrated in Fig. 2-10. The inipulse
per unit area is always greater on the offset
surface, because the thickness normal to that
surface is greater. Furthermore, the impuise
is directed along the surface normal. When the
impulses delivered at all surface elementa are
resoived into radial and tangential components.
and summed, the total tangential component
has a net resultant which produces a torque, in

C %
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Figwe 2-10 (C). Fluted Uner Configuration end
Active Forcas {U}

the direction shown, which can be used for spin
compensation.

Also shown in Fig, 2-10 is the efleci of the
impulse delivered to the cacted surfacs. The
effect is sigmificant in spin compensation be-
cause a torgue is produced in the direction
oppasite to that produced by che thick-thin ef-
fect. However, because the angle at which the
detonation wave strikes the canted surface is
usually less than that for the offset surfaces,
the net torque produced is ir the direction of
the torces acting’on the offset surface.

A fluted Hner is designed to compensate for
the angular momentum of & particular projec-
tile, thus, the caliber, charge diameter, and spin
rate of the prujectile aro determining Cactors
in selecting flute charactaristics, A fluted linar
spun at its designed” optimum frequency pro-
duces a jet like that produced by an equivaleat
smooth liner fired statically. When fired stati-
cally, the fluted liner produces & jet like that
from a rotated smooth liner.

Other methods of spin compensation have
been tried, such as spiral detonation guides,
fluting the explosive instead of the liner, and
the “built-in" compensation found in smooth,
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spun liners. These techniques have been found
to produce some degree of spin compenasation,
but only the fiuted liner has been found to huld
much promise.

The elimination of spin degradation by
means other than spin<compensation has also
been the subject of experimentetion, One
method has been to design a shell so that it will
be stable with a very low apin. This type of
shell has increased drag, requires a special
weapon with low-twist rifling, and still needs
some kind of spin compenaation.

The concept has been proposed of using pe-
ripheral jet ergines on the shell to atop its spin
before the target is reached. Computations of
the required torque offer little hone that this
method will prove practical,

Bearing-mounted charges that permit part
of the shell to spin, for stability, while the
charge itself apins only slowly, have been
proven practical. However, 2 means is required
to compensate for the low 3pin rate, as is a
me .ns to assure the uniformity of projectile
spin rate,

Fin-atabilized ruunds are commeonly used as
& means to avoid spin degradation. Even these
types are often given a amall amount of spin in
order to improve their stability in flight; there.
fore, spin compensation is still required.

Any technique for reducing the rate of spin
of & given projectile provides only an interim
solution, As soon as a fluted liner can be de-
signed to compensate for the frequency of spin
of a standard round of the given caliber, it
provides the most convenient and economical
solution to apin-degradation for that caliber
(Ref. 9).

2-18.7, {C) Fuae Action

The use of a suitable fuze is & major factor
in the eifective use of shaped charges that are
to be activated on impact. The contact fuze
must function quickly enough to detonate the
charge before the cone liner becomes deformed,
and befora the projectile is deflected. This is
vitally important when shaped charge projec-
tiles strike high cbliquity armor, because the
speed of fuze action will affect the relative
amount of surface aymor area that is perfor.
able. If the projectile {s fuzed with an inertial-

{ype base fuze, as shown in views (A) and (B)
of Fig. 2-11, the inherent delay action of the
fuze plunger may allow the projectile to rico-
chet before detonation. or permit coilapse of
the hallistic cap under forward inertia znd
cause an appreciable decrease in the stmdoﬂ
distance (Par. 2-18.8, below).

1t is desirable to start initistion st the front
end, at the instant of impact, and to tranamit
the impulse to the rear end so that the detonst-
ing .harge may be initiated from the rear.
However, this must take place much fester
than occurs with the use of the inertia-type
base fuze. There are two principal means of
accomplishing this desired result. One uses the
so-called “spit-back” (flash-back) fuze. In this
fuze a small, shaped-charge explosive in the
nose of the projectile is Initiated by a percus-
sion primer and fires a jet backwards, through
a passage provided in the main charge, into a
base booster. Because the velocity of such a
small jet is very high, this fuze provides an
extremely rapid method of transmitting the
trigger action from the front to the rear. The

. other type of nose-initiated fuze is electrically

actuated. In this type, often referred to as
the “point-initiating base-detonating” (PIBD)
type, crushing of the nose sets off an electrical
impulse which is carried by wires to an elec-
trical detonator at the rear of the projectile.

7=18.8. (U) Stendef Distance

One of the most important factors governing
depth of penetration by shaped charges is the
standoff distance. Standoff distance is the dis-
tance between the base of the liner and the
surface of the target, at the instant of explosive
initiation. This distance may be given in abso-
Inte terma, such as inches or millimeters, or
may be expressed interms of the charge diam-
eter (i.e., 114 charge diameters, 2 charge diam-
eters).

Proper projectile design provides a standoft
distance that allows time for the fuze to func-
tion properly and the cone to collapse, forming
a jet of proper density, thus realizing the maxi-
mum capabilities of the projectile. View (C)
of Fig. 2-11 illustrates tho shaped charge tech-
nique as used in an anti-vehicls land mine, The
distance from the top of the mine to the bottom
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Figwe 2-11. Typical Shaped Charge Anti-Vehicie Applications

of the vehicle hull is the standoff distance pro-
vided. The dependence of penetration depth
on standoff is illustrated in Fig. 2-12, which
shows typical craiers produced in mild stee} by
static charges fired at various standoff dis-
tances.

2-17. (5} DAMAGE MECHANISMS

2-1%.1. IC) General

In general, there are two primary damage
mechanisms which act to produce a shaped
charge kiil: perforstion by a jet of high and

hyper-w¢” olty particles; and veporific effect.
The typ.. of damage produced by the two
mechanisms are quite distinct, The perforating
jet produces holes in the structure, and aiso
produces internal target damage by the jot and
target fragments. The vaporific effect produces
damage mainly by what appears to be internal
blast. Which damage mechanism will be pri-
marily operative in a given case will depend
on guch factors as the shaped charge size, cone
geometry and material, standoff diatance, and
target characteristics.
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2=19.2. (S) Pertoration Danage

{U) Shaped cnarges which can produce per-
foration damsage can also ignite or detonate
fuel and explosives inside the target, be it a
vehicle, buiiding, or aireraft. Aside from the
above effects. the perforation type damage
mechrnism becomes important ngainst aiveraft
only when the size and density of the fragment
jet are sufficient to produce an entrance hole
diameter which is significant when compared
to the linesr dimensivns of the target. Perfo-
ration damage is the primary damage mecha-
nism of shaped charges made with steel or
copper liners, and s an active (although not
necessarily the primary) damage mechanism of
shaped charges with zinc or aluminum liners.

{U) Incrensing the depth of penectration ia
not necessarily the same as incressing the ef-
fectivencss of the shaped-charge against the
target. Aside from the internal damage done
to the target by the residual penetration of the
jet, the spatial distribution, mass, and velocity
of spall fragments all affect the lethality of
the shaped charge. Those particles spalled
frem the inner surface of the target are largely
responsibie for the damage inflicted by a per-
forating jet.

(C) 1t s desirable to obtain some measure
of probable damage after perforation. Exami-
nation of a budy of test data shows that the
total number of spall purticles observed is di-
rectly proportional to the cruss-sectional area
of the hole, formed bv the jet, at the exit sur-
face of the target, Since the hole diameter is
pruportional to the re‘e of transfer of energy

2-16 .
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from jet to target, it is implied that the total
number of cpall particles formed is in propor-
tion to the rate of tranafer of energy as the
jet penetrates the lust element of target mate-
rial. (Ref. 10). '

(C) The above statement may be illustrated
by Fig. 2-13, which represents the perforation
obtained by the shaped charge, as shown, in a
stack of twelve, one-inch-thick, metal plates.
‘the hole dismeter becomes less as the hole
depth increases. It should be clear that this is
due to the decrease in residusl energy of the
jet as it penetrates. The area of the hole at
each increment of depth is in proportion to the
residual penetration available at that depth,
and also in proportion to the total number of
spall particles produced by a penetration of
that thickness of armor.

(S) Keeping in mind the fact that the num-
ber of spall particles is proportional to the
aren of the hole at the back of the target per-

Figure 2-13(C). Mecsurament of Hole Profile
Diomeler (U)
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forated, the relative lethality of a charge can
be varied by using some of the cone shapes
illustrated in Fig. 2-8, which showa the hole
profiles obtained with the cones.

(8) The first profile on the left (Fig. 2.8)
is that produced by the ordinary 42-degree cop-
per cone; it is shown for purposes of compari-
son. The second profile showa the effect of &
very simpie change in geometrical configura-
tion, one useful in the design of warheuds for
large weapons, where penetration can be sacri-
ficed in favor of increased lethality. The third
profile shows the effect of ancther simple geo-
motrical modification (a copper trumpet), This
design uct only yields somewhat greater pene.
tration than a simple cone, at ghort standofls,
but also affords a hole of almost uniform diam-
eter, Thus, ¢ the expense of some lethal effect
against thinly armored targets, increased effec-
tiveness has been achieved against thicker unes.
A liner of gimilar geometry, but of low-density
metal (aluminum is illustrated), produces the
fourth hole profile, which would be useful un-
der the same circumatances as the second. The
fifth hole profile is that produced by a 60.
degree cone of lead-antimony. The greatest
depth of penetration is attained by this type,
but with decreased lethality againsi thin tar-
gets (Ref. 11).

(8) Further experiments are now being con-
ducted on methody of enhancing the lethality
by propelling a follow-through projectile

wSPERPT

through the jet hole. The projectile is intended
to have & high-explosive filler. Other experi-
ments are being conducted with chemicals
which are focused into a jet, oriented on the
axis of the hole, at the appropriate time for
entering the hole without being obstructed by
the slug.

2-17.3. (C) Vaporific Effects

The vaporific effect exhibits many of the
same characteristics as the detanation of a high
explosive charge inside an aircraft structure.
Separate aircraft subjected to the two types of
damrge (detonation of a high explosive charge,
:nd vaporific) show the same effects of internal

lagt.

It is concluded that the primary mechanism
that is active in the vaporific explosion is the
capture of the kinetic energy from the impact-
ing particles (Ref, 12). Confinement is neces-
sary. The tighter and more rigid the atructure
penetrated, the greater the resulting damage
appears to he, The material being sffected is
alay of significance. The degree of vaporic ef-
fect suffered by the following metals ia indi-
cated by the order of th.ir listing, with the
first named metal being most affected: mag-
nesium, alclad ajuminum, 24S aluminum, 758
aluminum, and 18-8 stainless steel. The thick-
ness of the target material is another deter-
mining factor, because thicker materials con-
tribute more finely-divided material (Ref, 13).

Section IV {C)-—Blast

2-20. (U] INTRODUCTION

When a conventional or nuciear explosive
charge is detonated in air, it is accompanicd by
the release of a large amwunt of energy in a
small timegpace environment. Most of the
materisls in the charge are immediately con-
verted %o gaseous form at high temperature
and begin to expand rapidly, compressing the
surrounding sir and thus initiating & shock
wave. This shock (or blast) wave, propagates
through the surrounding atmosphere in 4 man-
ner «amewhat aimilar to & sound wave, How-
evt  he shock wave, unlike a sound wave,
trr .4 At aupersonic velocity and causes ap-

precigblo increases in pressure, density, tem-
perature, and air particle valocity,

The blast wuve thus formed is capable of
effecting considerable damage on many types
of targets. The degree of damage is dependent
upon the charge site, distance from the explo-
sion to the target, atmospheric conditions,
altitude, and the ability of the target to resist
the loads imposed by the blast wave. The blast
wave has several characteristica which may be
related to damage: peak pressure, impulse, and
dynamic pressure (Ref. 14)., These are briefly
described in following paragraphs, and are an-
alyzed in detail in Ch. 4, Sec. 1.
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In general, the characteristics of the blast
wave from & nuclear explosion are similar to
those from conventional explosions. However,
there are several quantitative differences which
affect the blast wave properties. These differ-
ences and their effects are discussed in Ch, 4,
Sec. I.

2-21. (U) PRAK P.ISSURE

The shork wave is bounded by an extremely
sharp front, called the shock front, which repre-
sents a discontinuity in density, pressure, and
temperature of the medium through which it
passes. Here, the pressure rizes abruptly from
atmospheric pressure to a peak pressure, gen-
erally referred to as pesk overpressure, which
is measured in psi ovar the atmospheric pres-
sure (Ref. 16),

When the shock front passes a given point it
causes an abrupt rise in overpressure, which is
followed by & gradual decline to ambient, a
further decline below ambient, and, finally, &
return to normal atmospheric pressure. The
portion of the wave in which the overpressure
is above amblent is termed the positive over-
pressure phase; the remaining portion, where
the pressure is below atmospheric, is referred
to as the negative pressure phass. The decrease
in pressure below ambient is ususily small when
compared with the increase during the positive
phase.

The blast wave decreases n amplitude (pesk
overpreasure) and lengths (increases in dura-
tion of overpressure) as it propagatec. At a
given distance from u blast source, the peak
overpressure and durstion both increase with
fncrease in energy of the explosive source
(wu s) ‘

When an incident air blast strikes a more
dense medium, such as the earth's surface, the
wave i1 reflectel. Under proper conditions, the
reflacted wave ovartakes the incident wave and
the two merge to form a single shock front of
higher pressure than either original wave, The
ecombined front is called the Mach stem, and
the region where the two shocks have merged
fs referred to as the region of Much reflection
(Ref. 17). Reflection and Mach characteristics
are discussed in Ch. 4, Par. 4-2.2.6.

2-18
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When the shock front striles the face of an
object, veflection occurs. As a result, the over-
pressure builds up rapidly to at leaat twice (and
generally severa! times) that in the incident
shock front. This reflected pressyre, caused by
arresting the moving air particles behind the
shockfront, is referred to as face-on overpres-
sure. The pressure at the side of the object,
where little or no reflection or dynamic pressure
effect occurs, is generally called the side-on
overpressure. A measure of side-on overpres-
sure plus dynamic pressure is referred to as
total pressure. '

Under conditions where the wave front has
not completely surrounded the object, a con-
siderable pressure differential will exist between
the front and rear. This pressure diferential
will produce a lateral (translational) force,
tending {n eause the object to move bodily in the
same direction as th: blast wave. The transla-
tional force is known as diffraction loading, be-
cause it operates while the blast wave is being
diffracted around the object. The extent and
nature of the motion will depend upon the
physical characteriatics of the object and on
the tirue history of the overpressure.

When the blast wave has completely engulfed
the object, the pressure differential no longer
exists. Howaever, the pressures applied are still
in excess of normal, and the diftraction loading
is replzeod by sn fnwardly directed prossure
tending to compress or erush the object. For
an object with no openiugs, this crushing ac-
tion will cease only when the overpressure has
decayed to zero (R-£.17,.

I the object under consideration is large, the
diffraction loading will operate for a longer

+ time. For amall objects, the diffraction period

is 80 short that the correapen ling loading is
usually insignificant. For objects with open-
ings, the intarnul and external pressures will
tend to equalize, thus nullifying both diffrac-
tion and compreasion forces.

2-21. (U) DYNAMIC PRESSURY

For a large variely of tarpet types, the de-
gree of damage may depend on the dynamic
pressute associated with the .explosion. The
dynamic pressure is a function of the wind
(particle) velocity and the density of the air
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behind the shock front. For very strong shocks
the peak dynamic preasure is grester than the
overpressure (Ref, 156).

Like the overpressure, peak dynamic pres-
sure decreases with increasing distance from
the explosion center, although at a greater rate.
The duration over which the dynamic winds
act in the direction of shock motion, at a given
location, is slightly longer than the poaitive
phase of the overpressure. However, by the
time the overpressure has decayed to zero, the
dynamic pressure is usually insignificant.

-Reflection phenomena cause certain changes
in the dynamie pressures, as they do with peak
overpressures. Under such conditions, the
classical shock front disappears and peak
values of dynamic pressure occur at different
times for s given range. Both therma! and me-
chanical! (surface) effects contribute to these
variations (Ref. 15).

During the entive period that the positive
phase of an airblast wave is passing, an object
is subjected to dynamic pressure loading (or
drag loading) caused by the strong transient
winds behind the shock front. Like the diffrac-
tion loading, the drag loads produee a transla-
tional forve in the direction of shock motion.
However, drag loading usually persists for a
relatively long period of time in comparison
with diffraction leading. It ia the effect of drag
loading which constitutes an important differ-
ence between nuclear and conventional detona-
tions. For equivalent peak overpressures, the
duration of the drag phase is much longer for
a nuclear explosion than for a conventional one.
Correspondingly, the dynamic pressure impuise
from a nuclear detonation (s of much greater
n.agnitude. For conventional high explozive,
the duration of the drag phase is uzually so
short that the dynamic pressure impulse may
be considered negligible.

In many cases, damage to targets by conven.
tional explosives is a function of both the posi-
tive phase overpressure and its duration
(known specifically as the overpressure Im-
pulse) rather than a function of peak aver-
pressure alone, Overpressure aad dynamic
pressure impulse are discussed in Ch. 4, Par.
422,

3-23. (C} WAVE PIRTURBATIONS

2-23.1. General

When a nuclear weapon is burst over a real
target ares, the condition and nature of the
surface must be considered, since under some
circumatances, severe modifications of the blast
wave may occur. These modifications are due
to the physical characteristics of the surface.

For relatively low-scaled heights of burst,
the earth's surface absorbs sufficient therma}
energy to reach & temperature of saveral thou-
aand degrees in a relatively shurt period of
time. If certain surface conditions exist, a hot
layer of air or other gases will form with ex-
plosive rapidity above the earth's surfuce. If
this thermal layer is sufficiently intense, a
separate pressure wave forms and moves ahoad
of the incident and reflected blast waves. This
detached wave is known as the precursor.

The surface characteristies necessary for the
formation and development of the precursor are
not completely understood. However, pre-
cursors have been observed over coral and
desert type soils, forest areas, and asphalt, and
are expected over other surfaces such as agri-
cultural and urbsn aress. It is nol expected
that precursors will occur over walor, anow, ice,
or ground covered with a white smoke layer,

The precursor produces non-classical wave
forms. The rise in pressure at shock arrival is
not nearly as instantaneous as in free air. The
potitive phase duration is somewhat longer in
the presence of a precursor, and the impulse is
correapondingly greater. It {s believed that the
increased dynamic pressures which result from
precursor formation wre caused by increased
particle velocity and the addition of dust par-
ticles to the transient winds,

It has besn found convenient to divide the
varigtions of non-ideul wave forms into five
major classifications, as illustrated in Fig, 2-14
for overpressure and in Fig. 2-16 for dynamic
pressure, The illustrated wave forms, with
types A through E indicating waves encount-
eved while progressing outward from ground
zero, are discussed in following sub-paragraphs
(Refr 16). :
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2-23.2. Overpressures Wave Ferms (Fig. 2-14)
22321 Type A

This type is a relatively ideal wave form,

with a sharp rise to a peak value, followed by
a rapid exponential decay. Usually the peak
pressure is rather high, and the duration is
rather short, in comparison with the other four
wave forma.

3-23.2.2. Type B

This ‘wave form, with two distinct peak
values, becomes increasingly non-ideal with in-
creasing range. Usually shock-type rises are
evident at the closer ranges. However, as the
distance from ground zero increases, the separa-
tion of the two peaks ss well as the rise time
for the main shock increases, while the first
peak attenuates more rapidiy than the second.
At midrange, the wave form s characterized
by a shock-type rise to a first, low peak, fol-
lowed either by a plateay or a slow decay, with
& longer rise to a higher, second peak preceding
a more rapid decay. As the ground range con-
tinues tc increase, the first pesk becomes round
and the second peak attenustes more rapidly
than the first. This wave form is typical of the
early stages of development in the precursar
cycle.

3-23.2.1. Type €

This i a wave form whose peaks and valleys
become poorly deflned with increasing range.
At the closer ranges, the wave form shows a
first, large, rounded maximum followed by a

_slow: decay, then a later, smaller, second pealk
As the distance from ground zero incresses, the

first peak attenustes more rapidly than the
second, so that the two peaks becuis ecom-
parable in magmitude, while the rise times he-
come longer. The sacond peak disappears at
the farther ranges, resulting in a low, rounded,
flat-topped wave form with & long initial rise
and a rather slow decay marked by considerable
turbulence. This wave form is typical of strong
precursor action.

2-23.24. Type D
This wave form progressively loses its non.
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At the closer ranges, the wave form shows &
compression-type rise to a rounded plateau,
follovzed by & alow rise to a second, higher peak.
Aa the distance from ground zero increases, the
rise times decrease, s0 that the front of the
wave form develops a step-like appearance, and
the time separation between the two peaks be-
comes less. At the farther ranges, the second
peak overtakes the first peak, to form an almoat
classical form with a sharp rise to a more or
less level plateaun, followed by an essentially
regular decay. This wave form is typical of the
clean-up portion of the precursor eycle,

2-23.2.5. Type E

This is a classical or ideal wave form with a
sharp rise to a peak value, followed by an ex-
ponential decay. The duration is rather long in
comparison with the type-A wave form, and
the rate of decay is slower,

2-23.3. Dysemic Pressure Wavs Ferms
{Fg. 2-15)

2=-23.3.1. Geaeral

A tentative claasification of the various dy-
namic pressure wave forms has been made. It
is not possible to make a direct correlation of
these with the five general types of overpres-
sure wave forms, due to the lack of experi-
mental data for dynamic pressure, particularly
in the close-ln region. Nor ls it possible to
draw a wave form height-of-busst chart for
dynamic pressures, at this time, because of the
lack of experimental data.

3-2132. Type A

This is & relatively ideal wave form, with a
sharp rise to a peak value followed by a very

rapid decay. The duration is usually rather

short in comparison with the other four wave
forma,

2-2133. Type §

This double-peaked wave form has a shock-
type initisl rise in most cases. The second peak
is larger at the closer ranges, but becomes com-
parable in magnitude with the first as the dia-
tance from ground zero increases.
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2-2334. Type C

This is & transitional double-peaked wave
form with longer initial rise time. A:tual rec-
ord traces have a very turbulent appearance.
The second peak is amaller than the first and
becomes somewhat indefinite with increasing
range.

2.23.35. Type D

This essentially single-peaked forin, is char-
acterized by a low amplitude plateau with a
slow, smooth rise at the cluser ranges. Actual
traces have a very turbulent appearance. As
the distance from ground zero increases, the

turbulence bocomes less and the plateau: de-
velops a shozk rise with a flat top, or a alow
steady increase to 3 second shock rise followed
by a smooth decay. The initial disturbance at
the front of the wave form eventually dies out
at the farther ranges, leaving a smooth, clean
record with a slight rounding after an initial
shock-type rise.

2-213.%. Type €

This is a classical or ideal wave form with a
sharp rise to a peak value followed by an ex-
ponential decay. The duration is rather long
in comparison with type-A wave forms, and the
rate of decay is slower,

Section V¥ {C)~-Mine Clearing Devices

2-24. {C) DESCRIPTION

(U) 1t is possible to detonate land mines by
the blast wave from a nuclear or conventional
explosion. The capability of the blast wave to
detonate the mine is usuaily stated in terms of
the overpressure vrequircd fur detonation,
which is dependent upon the mine type, burial
depth, mine spacing, and soil characteristics.
Only nuclear explosions, however, have a suffi-
ciently wide radius of lethal overpressure to be
able to clear entire minefields.

(U) Although mines can be detonated by
explosions acting directly on either the main
explosive or the more sensitive primer, or
booater, the overpressu:a required are so high
that blast action on r:ine pressure plates is
always the contrelling effect. Buried mines are
insensitive to the thermal and nuclear radiation
aussocizted with the explosion.

{C) In general, land mines are sensitive to
the rise time of the blast wave; i.e., if the rise
time is long, greater pressures are needed tu
actuate s given mine than if the rise times are
short. Long rise times are characteriatic of the
procursor zone. Therefore, in the criteria givea
for detonation, two sets of data must be apeci-
fied for each mine type, depending upon
whether or not the mine is expected to be in
& precursor zone. On the other hand, all explo-
siors having overpressures of less than about

8 psi have fast rise times. Therefore, for mines
which requirc actuation pressures of less than
about 8 pai, the criteria are the same for explo-
sions which produce a precursor as for those
thay do not. This'is - @ true for mines with
fuzes which are inse' :itive to risc times (Ref.
16).

{U) The criteria for mina detonation do not
usually include any sympathetic actuation ef-
fects. - Sympathetic detoustion of 2 mine i
caused by the transmission of & detonation
wave through the air from the explosion of
another mine. Mines are usually spaced so that
the pressures from the detonation of one mine
do mot sympathetically detonate adjoining
mines. However, if the spacing of mines is
close enough, it is posaible for the combined
cverpressures of a nuclear blust and an actu-
ated mine to effect syrapathetic detonsation of
an adjacent mine that was not actuated by the
nuciear blasi. Gaps in mine fields, if auffi-
ciently large, halt this process, Therefore, ex-
tensive clearsnce by sympathetic actuation can.
not be depended upon,

2.25. (U) COMMON EXPLOSIVE DEVICES

It is feasible for & cocventional artillery shel!
to detonate a mine if the shell has a sufficiently
large bursting capacity, and if the distance

2.22 S
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botween explading shell and mine is sufficiently
small. [t is not, however, an economicel means
of clearing mine flelds because of the excessive

" uumber of shells that would be required, Con-

ventional artillery shells are of some limited
value in attacking a mine field because they
can damage some of the mines (buried and/or
unburied) by fragments, displace and dumage
surface mines, and cut trip wires attached to
antipersonnel mines.

Conventional explosives have also been
adapted to linear type charges, wherein the

explosive iz placed within & long steel tube (the
bangelore torpedo) or a flexille cord. The
linear charge is then pushed into the minefield,
or,.in the case of the flexible cord, pulled across
by & smalli rocket, and then detonated (Ref.

18). The resulting blast will clear antiperson-

nei mines within narrow limits along the
tength of the charge. Whether or not the charge
will be effective against antitank mines de-
pends upon the amount of explosive per unit
of length, the mine type, mine emplacement
technique, and soil characteristics.

Section VI (C)—Ground Shock

2-26. INTRODUCTION

The production of ground shock by an expio-
sion is extremely complex, and, in some re-
spects, not completely understood. Bagically,
ground shock may be produced by two separate
mechanisms. One mechanism is the sudden
expansion of the bubbie of gas, from a surface
or undergrcund explosion, which generates a
pulse >r oscillation in the ground. This ix
termed direct ground shock. As this direct
shock propagates through the ground, it may
be modified by reflections and refractions from
underlying bedrock or hard strata, or rarefac-
tion from the air-ground interface. The second
mechanism is the production of a ground shock

‘by the sir blast wave from an explosion strik-

ing and moving parallel to the ground surface.
This is termed air-induced ground shock (Ref.
19). For a given burst geometry, except at ex-
tremely short ranges, these two forms of
ground shock are separated in time. Because
the direct ground shock is usually attenuated
very rapidly, air-induced ground shock is more
important ss the csuse of damage to under-
ground installations, except for extremely close
rabges and frr deep underground bursts,

2-27. PHYSICAL MECHANISMS

The physical mechanisms of major interest
in regard to damage produced by ground shock

are ground pressure (or stress), accelaration
of soil particles, and displacement of soil par-
ticles, Collection and analysis of data for these
mechaniams is covered in detail in Ch. 4, Par.
4-3.3.2.

Ground pressure is changed into directional
components, which differ in magnitude, by the
shear and cohesive strength of the soil, These
directional pressure components are termed
stresses. Under the dynamic loading from =
nuclear explosion, the direct ground atrecses
rise most abruptly in the ground nearest the
explosion, whereas at greater distances, the
peak stresses at any specific point are reduced
and the rise times are increased. Air-induced
ground pressure (stress) is closely related to
direct ground stress. Just below the surface,
the air-induced shock stresses, and durations,
are approximately equal to the changing air-
blast positive pressure, and duration,

Vertical acceleration of 30il particles is
caused by both types of ground shock, direct
and air-induced. The sir<induced, occurring
later, causes & sudden increase in the particle
acceleration. Diaplacement of soil particles will
be both permanent and transient, In addition
to the obvious displavement resulting from
cratering, both types of displacement occur, to
a lesser dogree, beneath the ground surface.
Displacament ix affected to a considerable ex-
tent by the soil types and moisture content.
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Section VIl (U)—Fire

2-28, INTRODUCTION

Fire usually !mplies combustion or burning
of a fuel. The term combustion impliex & more
or less rapid chemical reaction between the fuel
and an oxidizer (usually oxygen). This reac-
tion produces heat and light, these being
emitted primarily from a zone called the flame
(Ref. 20). For a burning fuet in solid or liquid
form, the vapors from the fuel support the
flame,

The combustibie constituents of conventional
fuels are carbon, hydrogen, sulphwi .nd Lydro-
carbons. Other constituents are oxygen, hitro-
gen, moisture, and ash. /In incendiaries, other
constituents such as magnesium and aluminum
may be used.) In burning, the combustibles
combine with oxygen in the air and in the fuel
to form carbon dioxide (CO,), carbon mon-
oxide (CO), sulphur dioxide (SO,), and water
(H,0), The ash includes all non.combustible
matter. The nitrogen in the air is inert and
is mot burned. Generally, ignition occurs when
the body temperature rises sufficiently for a
self-propagating reaction to occur at some ele-
vated temperature; that is, when the heating
effect of the oxidation reaction overcomes the
logs of heat at some point in the object. This
elevated temperature is referred to as the igni-
tion temperature,

The requirements for combustion are:

1. ‘The presence of & fuel and oxidizer in
proper proportions, Some fuels may con-
tain the oxygen.

2. Exposure of fuel particles to the oxidizer
throughout a period nf time sufficient for
their combustion.

3. Maintenance of the combustion zone at a
temperature above the ignition tempera.
ture (Ref, 21).

For fuel in a guseous state subjected to the
action of an ignition source, the amall locs! vol-
ume around the source begina to burn, and if
the mixture is flammable, the reaction proceeda
to the next layer, which begina to burn. Even-
tually the flame propagates throughout the

goscous mixture. The flame surface at any
instant i3 referred to as tha flame front, and
the conditions which determine the velocity of
the flame front also distinguish a fire from an
explosion.

2=29. FIRE DAMAGE

Damage resulting from fire includes destruc-
tion of the utility or structural integrity of
stivetures and vehicles, detonation of explo-
sives or engine fuel, physical or psychological
incapacitation of personnel, and the disabling
of equipment cumponents. Anything which is
flanmable is subject to destruction by burning.
In addition to the actual consumption of mate-
rial, the properties of structural matersals are
adversely affected by the elevated temperatures
encountered with fire.

Fire may be caused by direct sources such as
fire bombs, napalm, white phosphorus, incen-
diary grenades, incendiary bullets, etc. Fire
may alec be induced ay a secondary effect of
fragments, projectiles, or other primary kill
mechanismis when they act upon target com-
ponents. When the cause of burning is radiant
energy (produced by the thermal radiation
from a neuclear explosion), the effects can he
catastrophic to urban areas, becawse many fires
are started over a wide ares.

Fire, or Saine, as an agent for incapacitation
of personnel, differs from nuclear therma) radi-
ation in several ways. First, beccuse it is not
exclusively electromagnetic radiation, it can
pass around corners to burn otherwise shielded
personnel, Secondly, it can consume the avaii-
able oxygen, causing death by suffocation.
Thirdly, it may bring on shock from paralyzing
fear. In addition, it may destroy those things
food, clothing, and shelter) which sre essen-
tial to the maintenancs of life. Of these several
damage effects, the immediately importaut ones
are burns and suffocation. The particular
burning agent might be white phosphorus or
napalm, or some target material ignited by
the burning agent.
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2-30. (U] INTR” WCTION
2=30.1. General

The large scale use of chemical agents to
influence battlefield success originated during
World War L. In the early stages, many chemi-
cal compounds were proposed, and some of
them were actually emvuloyed on the battlefield.
Since Warld War I, however, the requirements
of modern warfare, involving the problems of
large area coverage and large scale production
and supply, have reduced the number of mili-
tarily practicable chemical agents to a small
group. The nerve gases, outstanding because
of their high lethality, may well represent the
most important group of chemical agents,

Attention has recently been focused on the
possible use of non-lethal incapacitating agents
to influence miilitary affairs. Such agents may
produce temporary blindness, mental or physi-
cal incapacitation, or anesthesia,

The chemical agents may best be separated
or classified for tactical use according to the
seriousness of their effects, using a scale with
death as ore limit and temporary incapacita-
tion as the other limit. The five primary agents
discussed in detail in Ch. 2, Par. 2-31 represent
varying effects on this scale,

Chemical agent employment is the inten-
tional use of various gaseous, liquid, and solid
agents to achieve the occupation of territory
and the disabling of enemy personnel. In at-
taining these ends by any form of warfave, it is
desirable that a minimum of men and materiel
be expended, and that the least possible damage
be inflicted upon objects of probable value. In
this regard, the chemical agents are outstand-
ing. A chemical attack, in contrust to a con-
ventional ballistic attack, begins only when the
agent is released and may continue for hours,
days, or even weeks, depending upon the pur-
ticular agent and the prevailinc weather con-
ditiona,

Although chemical agents are used primarily
for their effects on personnel, some agents will
have a deleterious effect on specific materials,
This property could be utilized effectively, for
example, against targets such as sateflites and

e w e me . e - ]
B T e - e e
N +

Sectioa Vil (S)—=-Chemical Agents

missiles by the destruction of thermal balance
systems, through the changing of the strustural
emisaivity (Ch. 9, Par. 9-7.3.).

2-30.2, History of Chemical Agent Use

The beginnings of the use of chemicals in
warfare are lost in antiquity, The eariiest
recorded attempt $0 cvercome an enemy by the
use of poisonous and suffocating gases occurred
in the year 428 B.C., during che wars between
the Spartans and Athenians (431-404 B.C.).
At the siege of Clataea, wood saturated with
pitch and sulphui 'was Lusned under the walls

. of the city. This operation was unsuccessful,

but five years later, at the siege of Selium, a
similar operation was comvletely succesaful,

The North American Tadian produced a toxie
gos by burning poison i/y soturated with fish
oil. Poison gas is known io have veen ,roposrd
for use in the Crimean War, agsiust the Ru:
sians, «nd in the Civil War, against the Con-
federates, but neither sugges' ‘on wes carnied
out (Ref. 32). Tear gases {or harasament pur-
poses were used by the Fremch in August of
1914, followed shortly afterward by German
and British use of similar agents.

The employment of ciaenvical agents as a
weapon of modern warfarc dates to the early
spring of 1915. This period bruught the Ger-
mans in ‘World War I to the rexlization that
they had arrived at a deadlock which conven-
tional warfare could aot resolve. The situation
was particularly grave because snpphea were
low and logistics had become a serious problem.
Accordingly, Germany mobilized her industrial
and gcicntific talent, and on the sfterncon of
April 22, 1815, aaveiled a new weapon: the
toxic gas chlorine (Ref, 22).

By modern standsrds, chlorine is an ineffec-
tive agent, vet within a few hours after it was
first released, it caused complete demoraliza-
tion among Allied troops. In the months that
followed, both sides, taking advantage of \he
World War 1 static-type warfare, employed
toxic chemical agents. The British, for ex-
ample, rataliated with chlorine ga: at Looa,
six mouths after its first use, and the French
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and Germans tried several other casuslty pro-
ducing gases. A major instance of this oc-
curred in December of 1915, with the German
introduction of phosgene, a choking gas which
could penetrate the crude protective masks then
{u exiatence.

In the following months, protective masks
were improved. To counteract this, the Ger-
mans developed an agent which, even though
not highly poisonous, would cause nausea and
vomiting, The effects of this agent made the
troops remove their gas masks, which left
them subject to th: more lethal agents accom-
panying the vomiting agent. In 1917, the Ger-
mans ficst employed a. chemical agent that
attacked all parts of the body, thereby render-
ing the use of gas masks less effective. This
agent was musturd, a poisonous, multiply effec-
tive agent which could penetrate gimost any
ordinary type of clothing. It proved to be ex-
tremely effective and was used throughout the
remsinder of the war.

In World War I, over 3,000 substances were
investigated for possible use in toxic warfare,
but anly 32 were actually tested in combat, and
only 12 obtained noteworthy results. Both sides
employed a total of approximately 17,000
chemicnl troops and caused 1,297,000 casual-
tles, bus only 91,000 of these were deaths, This
is about cuethird to one-fourth the per cent
of deathis obtained with other weapons. (Gas
casualties are compared with casualties by all
other mechanisms in Table 2-2.) Approxi.
mately 9,000,000 artiliery shells filled with
musiard gas were fired, producing 400,000
casualties, being nearly five times xs effective
as shrapnel or high-explosive shells, One-third
of the United States casualties were cauged by
gas, but only 2 per cent of these w-ve faial, as

compared with the 25 per cent fatality of non-
gas victims (Ref. 24).

The major participants in World War II car-
ried chemical agents with them, but did not use
them. However, a startling discovery was made
at the end of the war, when it was found that
Germany had stocks of a new gas of the nerve
type, far more deadly than the standard gases
of the Allies. The German supplies of these
organic phosphates were seized by both the
Weslern and Soviet forces. It must be assume ),
then, that a chemical attack by the enemy using
agents of the types described in this chapter
is within the realm of possibility.

2-31. (C} PHYSICAL CHARACTERISTICS OF
THE PRIMARY CHEMICAL AGENTS

2-=31.1. (U) General

In the military use of chemical agents, there
are four, predominant, operaticual factors o be
considered in determining the moat appropri-
ate agent and method of application for a given
tactical situation, These ure:

1. Availability of protection uguinst chemi-

cal agents, for enemy personncl,

2. The nature of physical protection avail-

able to the enemy.

8. The urgency, with respect to time, of

casualty production.

4. Degree of acceptability to residual haz-

ards, ‘

There is nv complete protection against a
specific weapons system, whether it be high
explogives, chemical agents, biological agents,
or nuclear weapons, Physical protection great-
ly increases the high-explosive munilion ex:
penditure rates to produce a given cesualty

’

TABLE 2-2. WORLD WAR | CASUALTIES

Battle Non-Fatal Per Centl of Deaths
Casgualties Deaths Injuries Among Casualties
Gas 1,297,000 91,000 1,206,000 1.0
Other ¥Mozhanisms 28,010,000 6,851,000 21,119,000 248
Total 29,307,500 6,93 000 22,225,000 —
2-28 SRy
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Jevel. Likewise, chemical protection {protective
masky and clothing. and collective protection)
will degrade the effectivence. of toxle attacks.
However, under field conditions, reither physi-
cal nor chemical protection can be expected to
prevent significant casualty effects,

Suitable targets for chemical weapons in-

clude enemy troup and artillery concentrations,
reserves, logistical installations, and any other
areas where enemy personnel may be concen-
trated.

Because chemical agents attack the body and
produce specific damages according to the
neture of the particular agent employed, the
primary agents in this country's chemical
arsenal are designed to range from the ex-
tremely lethal to the mildly incapacitating. The
basic types of agents, and their relative position
on this effects scale, are described in following
paragraphs.

2=31.2. (C) Nerve Agents

The nerve agents represent the most re-
cent development in the use of offensive war-
fare chemicals. Their two outstanding
characteristics are that they cannot be detected
by sensory means, and they attack the body
through the multiple mutes of ingestion, in-
halation, and absorption through the skin.
Their effects are to attack the nerve ends which
control the muscles, thereby disrupting bodily
functions. The time required for incapacitation
is very short, usually only a few minutes after
a casualty dose is received; and death swiftly
follows.

The primary nerve agents are GB and VX.
The former is a non-persistent agent which is
most effective against unmasked personnel, be-
cause of its high lethality through the inhala-
tion of very small amounts of agent. It can
also cause casualties by its absorption through
the skin, but the incapacitating and lethal
dosages required are quite high. VX is a per-
sistent agent which is designed to attack pri-
marily through the percutaneous route. It is
extremely effective in cavsing casualties amone
masked personnel, as only small amounts of
sgent need to contact the skin. Its long per-
sistency makes it a continuing hazard to per-

L

sonnel traversing terrsin and cootacting
materiel which has been contaminated. De-
velopment work is i*. progress to obiain a
capabllity of dissem oting this agent as an
serosol, which wi, greatly increase the
effectiveness of a given munmition. VX also
attacks through tae inhalation route, but its
primary value =8 8 chemical agent is its
characteristic of per:.taneors action (Ref. 25).

2-21.3. (U) Blister Agents

The original bl.ster ageln. :atroduced into
modern warfare w * mustard -as. T.e primary
mustard agent is distilled ;justard (zymbol
HD). Ir vapor form this is ~uite dense, and it
can be initially detected by its garlic or horse-
radish odor. This agent qrickly anecthetizes
the olfactory senses, making subsequent sen-
sory detection difficult, if not impossible.

As a vapor, HD may be used primarily for
the attack of masked, dug-in (in bunkers) indi-
viduais through skin absorption. For attack of
masked personnel in the open or protected by
hasty field fortifications, it should be used pri-
marily as a liquid, for skin absorption. This
agent is primarily incapacitating and rarely
results in death. Its primary effuct is to cause
deep burns on the skin and in the lungs, nose,
throat, ard eyes. Casualties requirs consider-
able medical care and nursing, and the severe
burns are siow to heal. ‘

2-31.4. (U) Rioh-Contrel Agests

This family of nonlethal incapacitating
agents find their main employment, in control-
ling unruly crowds of persons, such ax in prisoa
camps, or in dispersing refugees who are inter-
fering with tactical operations. The agents may
be disseminated in aerosol form, with vehicle-
mounted or portable dispensers, or by hand
grenades, :

The primary riot control agent is CS, which
is & white, crystalline solid. It causes an ex-
treme burning sensation in the eyes and a
copious flow of tears, coughing, difficult breath-
ing and chest tightness, involuntary closing of
the eyes, stinging action on moist skin arens,
sinus and nasal drip, and nausea and vomiting
on exposure to extreme concentrations via in-
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theiv will to do wthing but et tresh afr,
Generally, after several minutes in the Teesk
e (13 to 20}, (he fresh aiv will restore them
10 normal,

2-31.5. (€} Nonlethal Agents

These apents are still wnds development;
hewvever, they secom to pos<ezs comsiderable
potential s incapaciliting apents. They affeet
human beings by prednciug xevire mental and
nwscular inceordiantion, and perhapz even
temporary paralysis.

action, and may have tactical significance in
addition to their potentiul for mass populution
control,

The primary incapacitating agenl. of this -

type rurrently under development is EA 2277,
This agent is probably best disseminated in the
form of a fine dust or smoke by large-caliber,
medium-range missiles. In addition to physical
incapacitation, most of the casualties from.this

agent will experience ‘ psychic abberrations, :

such as marked confusion, disorientation as to

time and space, various hallucinations and de-
lusions, and loss of memory for penods of at” |
least 24 to 48 hours, With larger dosages, the
_onset of symptnrns will be. ‘more ‘rapid, and the
eﬂ’ects will be more pronounced and will list

.ungcr.

Tt is believed that if & small amount of EA

2277 is inhaled - (.6 to 1.0 mg), 50 percent of
the personnel exposed will become incapacitated
within three hours. due to lack of muscular
coordination and decreased visual acuity. Phys-
fcal incapacitation wiil probably continue from
five (o fifteer: hours after the onset of
symptoms,

2-32, (C) DISSEMINATION SYSTEMS

2-321. {C) Generel

(U) In order to accomplish the objectives of
chemical munition systems (personne] control,
{ncapacitation, or destruction), the agents must
be effectively disseminated over the intended
targets. Various delivery systems are awail-
able, depending on the tactical situation. A

, is. They wem most ap- .
* . plicable against quasi-military forces, such. as
might be cncounterad in an inlernational police”

: masked personnel. .
‘tems are artillery weapons, rockets, missiles,
- and spray tanks. When GB.is used in howitzer
and mortar shells, it is considered to be a

_~onn.uh1!. detuilnl |-|-mu vl of Lhesn Y-

tems is given in Ref. 25. (This reference
sonree 8 doubly valuable, in that il also pives a
mare deluiled treatment of the charurioristics
of chemical ayrents—summarized in Ch, 5, Stc-
tion V[ of tha present publicati-n.)

(CY The main eriterion which dictites the
requitvd 1vpe of dic:omination hardwars or
munition is whether the agent is tn poriduce
irs effect~ through the inhalation or pureu-
tan.oms romte. Agents disseminated primarily
in the form o aerosol or, in the eavw- of a solid
wyent, fine . particles  of dust, (uiniuce their
effocts + throngh . inhalation, - Auult= in liguid
form are desizned to attack through the per-
cutancous route,

{C) Conventional artillery, rocket, and mis-
siiv systems and munitions have been modified
tv provide agent dclivery and dissemination
capabilities, 1n this form, their use by fleld
troops is simplified, and. the shells, warheads,
etc., are generally unrecognizable as chemical-

"_-carrying or dispersing munitions, providing an

element of surprise to their employment in a
tactical sltuntlon. !

2-33.2. Icl Gl Sylhln and Munitions

This agent i is extremely effective- agmnst un-
‘Its primnry dehvery sys-

combination toxie-HE round, with the fragmen-
tation effect about one-half that of a comparable
straight HE shell.» The inability of personnel,
under fire from this type of munition, to de-
termine by sensory means that the round
contains GB, makes this delivery system very
effective against personnel without protestive
masks. :
This agent is also disseminated by explosive
bomblet munitions which are carried in missile
and rocket warheads. These delivery systems
provide a greater range and wider area-cover-

age capability, with fewer individual weapons A

batteries. The bomblets are deployed at some

position in the air above the target by separat-

ing the warhead skin with primacord. The
submissiles, or bomblets, then are made to spin

. UNCLASSIFIED

e s me am s



P

A

~ UNCLASSIFIED

T T Y e e g e e g

4,

about a selected axis. This arms a fuze in each
bomblct, which dvtonates a small explosive
charge on impact with the ground. The explo-
siun bursts the bomblet casing and causes the
liquid apent tv form A cloud of fine droplets.
The particular acrodyramic characteristics of
arspinning object cuuses a phenomenon called
the Mapuus Effect. This phicnomuenon causes
the Loimblets to- vlide at some small apgle, thus
allowing then: lo be dispersed over a larger
ares.

Aeterologici]  conditions such as  wind
velocily and direction, und temperature and
temperatuve gradient, have some effect on the
area coveraye by the agent; however, the sub-
juet wilf fiot be consiviered here, The interested
reader nay consult Rel, 26 for more informa-
tion on this particular aspect.

Specific munitions which utilize GD as a

- chemical apent sre the 4.2-inch shell, the 90-,

105-, 115y, 120-, 155+, and 176-millimeter shells,
and the E130R2 bomblet. Delivery syastems are
howitzers, mortars, guns, and recoilless rifles,
and the BULLPUP, SERGEANT, LITTLE
JOIIN, and improved HONEST JOHN rocketa.
This agent can also be disseminated by the
Aerv 14-B aircraft spray tank.

2-323. (C) VX Systems end Munitions

The fact that this agent is absorbed through
the skin wakes it extremely effective against
personnel in the open, even though they may
be wearing protective masks, Also, its high
persistency creates a continuous hazard for
personnel who may come in contact with con-
taminated terrain and materiel.

At present, this agent is eapablz of belng
disseminated mainly by artillery shells, rockets,
and tand mines. Alrcraft spray tanks are also

considered standard pyent delivery systema.-

There is currently underway a considerable
amount of development work to obtain a bomb-
let munition to be carvied in misaile warheads,
tiie bombiet to be capable of disseminating VX
agent &8 mn sercsol, This aystem has great
potential because larger ares coverage and high
lethality can be obtained with a lower missile
expenditure rate.
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Specific VX munitions currently available
are the 155-mm standard-wall howitzer sheli,
the 8-inch T170 howitzer shell, the 155-mm
rocket, and the M23(E5) chemical land mine,
The Acro i4-B aircraft spray tank is also
available for disseminating this mnt {Iief.
26).

2-124. (C) HD Systems end Muaitions

The principal use of this agent is to causo
delayed casualties by circumventing the mask.
Delnyed casualties will also be czused if the
protective mask in not worn, by means of in-
halation. HD in liquid form may be used to
contaminate terrain and materiel, so as to

cause casualties among troops encountering

these contaminated surfaces. (It is especially
effective aguinst dug-in personnel in bunkers
and in conjunction with barriers.)

This agent is disseminated by howitzer
shells, bombs, mortars, aircraft spray tanks,
and land mines. Specific munitions and de-
livery aystems for HD are the 105- and 155-
mm howitzer shells, the 4.2-inch M2 and M2A1
mortar shell, the 115-pound M7CAl gas bomb,
the one-gallon chemicul land mine, and the
Aero 14-B aircraft spray tank.

1-32.5. {U) CS5 Systoms and Munitions

Because of the nature of the employment of
this non-lethal riot control agent, relatively
short range disseminating systems and muni-
tions are required. 1t is possible that the agent

may be used mainly at close quarters, to con-

trol crowds of disorderty or milling persons;
hence, hand grensdes and gas dispersers cre
the logical methods of disseminating the agent.
Munitions available are the M7Al and M25A2
hana zrenades.. Dispersing systems are the
portable M3 unit, the helicopter- or vehicle.
mounted M4(E16R1), and the skid-mounted
GED 5000 CFM M2. More detailed informa-
tion on these systems and munitions are given
in Ref. 25.

2-32.6, (C) BA 2277 Systems aed Mualtions

This agent is not yet fully developed as an
operational, non-lethal, chemical weapon, hence

DPERE i 2-29
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little detail work haa been done on specitle dis-
scmination or avelivery wystems. Probably the
best means of dissemination will be in the form
of duat or smoke by lrge-caliver, medium-
range rockets with minimal fragmentation. Us
potential for the control of large groups of
praple, however, may boe o great that delivery
und dissemination systems of other types might
have to be developed.

2-33, ($) AGENT EXPENDITURE RATES AND
AREA COVERAGE ESTIMATES

{C) Tables -1 and 2-4 provide typical data
availuhle un agent expenditure rates of the pri-
mary toxic chemical agents, and of incapacitut-
ing agent BA 2227, respectively. Table 2-5
charts the area coverage for vurious rivt-con-
trol agent dissemnination systems and munitions
(Rel. 25).

Section IX (C)—Biolegical Agents

2.34. (U} INTRODUCTION

This section discusses the characteristics of
biokigical agents in gencral terms. A discus-
sion of the effects of the ag.nts is presented in
Ch. 5, Purs. 5-21 and 0623, Because of the
nature of the materinl, some overlupping of
duta exiata,

Biological apents muy be selected to achieve
many strategic objectives and certain tactical
objectives, However, these agents ure primar.
{ly strategic weupons because they provide no
quick-ulll effects and their optimum effective-
nexs . ccrues from the possibility of covering
very extensive target arcas (Ref. 29). The

getieral purpose of biclogical ngerts for tactical .

eonsideration ix to cause casvalty effects in the
encmy’s forces in the fleld, st all possible
ranges, for the purpose of weakening or due-
stroying their capability to carry out their
long-tange combat mission. Blological. agent
wenpon systems are characterized by the fol-
lowing (Ref. 28):

1. Small quantities of agent are required.

For example, a small bomblet may con-

. tain several billion effective dosas. Two

or three such bomblels can produce a

satisfactory casualty level over an area
of about one square mile.

TABLE 2.3 (3). STANDARD EXPENDITURE RATES FOR PRIMARY
TOXIC CHEMICAL AGENTS"! (U)

Men In Open Men With Overhead Cover -
Agent No Musks No Masks
Available Blasks Avallable Avaliable Masks Available
GB 3.0 3¢ 3.0 gwm
GB apray 6.0 -— R 1) —
VX aerosol 3.0 12 8.0 ‘ 24
VX liquid = 4.5 4.5 -_— —
HD 20,0 140.0 20,0 140.0
NOTES:

% Values given are based on the standard critarin enumeratad in Ref. 26, and may not spply te very small
targets. Rates are |n pounds of agent per hactare to achisve 30 per cent casuslitios,
- .c“uulty leval of & to 15 per cent, For this situation, nc higher Jevel of casuaitios can be assured, dus to GB
eets. .
* Thess values apply to alr burst or spray lfnunmom.
* Thess ars median values for the various types of munitions.
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TAME 24 {C). ESTIMAYED CXPENDITURE RATES AND DELIVERY REQUIREMENTS FOR
50 PER CENT CASUALYTIES ON UNPROTECTED PERSONNEL, USING NONLETHAL
AGENT EA 2277 (Ref. 250 (U)

Munitiun, with

Expenditure Rate per Hectare

—_ he e e —

Upwind Target Edge  Large Area Delivery

Avernpe Agent [andom Dispersal in Release on Target Requirements
Content Target Area Less Than 2 (1 aq mile)
{30 lb/hectare} Hectares
(50 Ib/hectare)
2.ineh mertar 30 rounds 50 rounds Not feasible
(1 1b agent) )
135-mam howitzer 17 rounds 28 rounds Not feasiblo
(1.8 b agent)
" M55 type area rocket 8 rounds 12 rounds 46 launchers
{4 b agoent) : (456 rounds)
E42 type area rocket 3 rounds 6 rounds < 31 launchera
(10 b’ agent) {256 rounds)
Mechanical smoke — 1 generator for 392 generators for 20
gencrator 30 minutes minutes
Mnrs type turbine s 1 generator for 104 generators for 15
generator € minutes minutes
{500 |b agent per
hour)
Cargo aircraft w/
10,000 1L payload:
_Bemb -— — § aireraft
{15 agent rm.vloud) ‘
Dust apray - —— 134 alrcralt
(8,000 1b agent)
Fixed-wing airuaft:
Fighter-bomber — i per 10 aireraft 26 aireraft
spray
(600 1b agent
payload)
L20 type spray — 1 per 8 sireraft 32 aireraft
(49¢ b agent
payioad)
30-lb smoke-pot type -— 9 pots. 2,180 pots
munition
(6 1b agent)
SEOR T 2.31
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TABLE 2-4 (C),

{cont)

Expenditare flate por Hectar

——

Munition, with Upwind Target Edge ' Large Area Delivery
Average Apuent Rasdom Dispersal in Relvase on Turget Requirements
Content Target Area Less Than 2 {1 aq mile)
(30 1b hectare) Heetares o
(6Q 1 ‘hectare)
Tevitant gus disperser:
M3 type Puiat target only ~Not Teasible Not feasible
13 th agent)
Md type - 1 dispcrgpr Ne. feasible
{80 b agent) o
Grenade:
Burning type Point target only - —~
(9 grenades per b
agent)
Bursting type Point target only - -
(22 grenades per Ib .
&gent) '

NOTES: - ,
" Rates and valuea are bused on a conservative, preihninary estimate. Meteorological randitions ure standnrd, with

& mph wind and neutval tempersture gracdient. Casualty rate i
multiply expenditure rates by 0.6 and 1.6, respectively.

™ Includes ground release snd direct serosol

“ Applies to target less than 2 hectarvs.

2. Large areas tan be covered at low cost,

Ay an example, one bomber aircraft

fiight can cover about 1,000 square

00 per cent. Kor 30 and 80 per cent casualties,

release from Bxed-wing sireraft flying 100 fest wbove ground.

one to threc days; for others, as much
as three weeks may be required,

. 7. Except for biologival agents disseml-
mtle;. pmductinu' & casualty rate as high nated by insect vectora, personnel nre
a2 70 per cent. infected by Lreathing the agent,

3. Biological wttacks are irsidious. They ) , ‘
canmot be detected by any semsory 8. Forafew nueny. unmum'zntinn ix avall-
means, nor are warning or detection able. In some instauces it may Lo pos-
devices satiafuctory or available for field sible to overwhelm this immunity by
use. ::crek::g t:le nmm;nt of utm;nt uud‘.ibut

‘4. Biological agents in servsol form will e th requirement for a given
penetrate fortifications and other struc- strtke wil be greatly increased.
tures. 9. Biological agents, being living organ-

5. The agents can be selected to provide isma, tewd to dis off &t predictable rates,
gradation of effects, from mildly in- bolh in storage and alter release as an
eapacitating to highly lethal, serosol,

6. Biolugi-al effects are delayed, For some 10, Riologrical srmenta, unce released, are af-
agents, the time to take effect may be focted by the climatic conditions., Sun-

by o
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light and reletive humidity preatly affect
the survival time of curlain agents.

These chiracteristics apply, in most part, to
atiacks on human heings. A discussion of bio-
logical agents as nsed against animals and
crops {s presented [ater in this section.

In addition to being classified accovding to
their lethality, and by the form in which they
are disseminated, blilogical agents can be
grouped under various microorganism types. A
discussiun of these types of microorganisms i
presented in this section,

Biological agents can be delivered by various
weapons systems and disseminated over the
target by various munitions. Some of these sys-
tems and their correspunding muniticns are
listed later in thia section.

The complex nature of the field of binlogical
agents and of their employment as weapons
necessitates the rather brief treatment given
{n this publication. The intcrested reader
should consult References 28 and 30,

The real potontial of bialogical agents lies in
the future; if they are fully expluited, they «an
beconze onc of the mwet potent and s~leclive
weapons availible, Because they have nut been
tested under nctunl field conditions agninse per-
soanel, their vifvcts ate difficult to assess posi-
tively willh regard to such characteristics us
their sensitivity to climatic conditions, level of
casualty production, persistency, and epidimio.
logical capabilities. Biologica’ ayents dissemi.
nated in aerosol fvim cannot be detected by
sensory means. Inse it vectors cannot be readily
fdentifted from prormal srthropods without
sdequate sampling and laboratory testing.
These factors make early detection extremcly
difficult, By the time insect incubation has
been completed, wide dissemination of biologi-
cal agents could present an ucute r.edical prob-
lem to the tarpet community. The potentials of
biological weapons are thus considernbly
greater than those rosulting from the natural
or accidental apread of disease. On a amall
scale, their use might represent simply a sup-

TABLE 2-8 (C). AREA COVERAGHE DATA FOR VARIOUS CS TYMK
GRENADES AND DISPERSERS (V)

Effective
. Wind Speed Avren Covered Distance
Munition Numher Employed (mph) (sqm) Dawnwind

(m)
M7
Burning-type pronade 1 9-16 250 (approx) 35+
M26A2
Bursting-type grenade 3 12-18 1200 (approx) 90+
M3 '
Portable irritant gns Single filling (25 th of 4-8 23003800 200+
disperser agent)
M2 skid-mounted 40 1b of agent— 12-16 Dischyrge 500
irritant gas disperser  Vehicle speed 8 mph distance—
{mounted on vehicle) 500 mcters
M4 helicopter- 100 Ib of ngent— 15 Discharge 500
mounted jryitant gas Helleopter speed dlatance—
disperser (mounted in 50 mph— 500 mcters
H-19 or larger Helicopter height
helicopter) 50 feet

PR 2-33
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plement to Lhe ever present hondth hazardy, Tant
on & large seale the empioyment of hiolagical
agents can have & devastating ofleet, not only
o the troops ju the field, ol v the vivilian
population in areas wearny aml quite removed
froan the cone of military opevation,

2-35. {U) TYPES OF RIOLOGICAL AGENTS

2~35.1, Gednral (Rei, 27)

Bivlogicid apents, when used militarily, ean
he c'asgificd ou the basia of persictence, con-
Lapivus ohility, v virglence. An agent able W
resast unfavorable conditions of eavironment
for long perivds of time ia clussed as o por-
sistent agent. Most organisms, however, are
nonpersistent agents, since they are sensilive
to changes in temperature, foud, moisiure,
fight, or air. A contngious discase is one which
will spread rapldly from person to person,
either by direct or indirect contact. These ave
the diseascs responsible for epidemics of all
forms. Virulence, or potency, is & measure of
the disease producing ability of a particular
agent. The resulting degrce of ilinesa varies
considerably, not only with the agent, but with
the route of entry into the body, the site of at-
tack, and the strain of the particular organism.
The effect of different straina of the same or-
ganiam may range from mild infection to fatal
{liness.

Agents may be biologically identified as bac.
teria, rickettsiae, viruses, fungi, and protozoa.
Toxins produced by certain microorganisms,
plants, insects and animals are also considered
as & blological grouping for agent {dentifica-
tion.

The broad groups of organisms from which
biological agents may be selected are described
briefly in the following sub-paragraphs (Ref.
23). Additional details are found in Ch. 5, Par.
5-23.3.

2-35.2. lecteria

The becteria are a widely distributed group
of typlcally one-celled microorganiama, chiefly
parasitic or saprophytic, ranging in size from
1/50,000 to 1/2,500 of an inch. They exhibit
three chief typical shapes: spherical (coccus),
rod-shaped (bacilius), and comma- or apiral-

shaped  (spirfllum). They are present every-
where in unture, heing found in soil, water, alr,
and animal and plunt bodies, both living and
dead. Some hacteria are discase producers; the
powerful texing produced by somu are also util-
ized as blological agents,

Most bactoria can bu prown very easily in
simple broth; they do uot need living tissue
for their cullivation. Examples of diseases
caunsed by hucteria are typhoid fever, meningi-
tis, tuherculosis, anthrax, brucellosis, glanders,
tularemia, plugue, bacillary dysentery, and
chaler:.

2-15.3. Ricketislae

Rickett«ine are usually somewhat smaller in
size than the buacteria, but are still viaible under
the ordinury microscope. They grow only with-
in living cells, which makes production sume-
what complicated. 7 .aey are potent disease pro-
ducers in man and are usually transmitted
naturally by lice, ticks, and insect bitea, Ex-
amples of disesscs cauzed by rickottsiae are
rocky mountain spotted . typhus, Q fever,
and trench fever,

2-354. Viruses

The viruses are minute enough to be unde-
tectable under the ordinary microscope, al-
though some have been photographed with the
aid of the electron microacope. Like the rick-
ettsiae, they will grow only within the living
cell; but it is known that they can survive for
various periods of time in the air. There is
some indecision existing as to whether these
agents are living organisms or complex pro-
teins capabie of reproduction in living celis.

Viruses cause a number of discases in hu-
mans, animals, and plants. Mumps, smallpox,
peittacosis (parrot fever), influenza, foot-and-
mouth disease, Tow] plague, Newcastle disease,
Venczuelan equine encephalomyelitis, rabies,
tobacco mossic, East African swine fever, hog
cholera, Rift Valley fever, and rinderpest are
examples of virus infections,

2-35.5. Fungl

Fungi inciude such plants as the yonxts,
molds, mildews, and mushrooms, These organ-
isms are well known for their ability to cause

.
’
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spouilage of foods.and fabrics. The fungi are
plunta which are generally destitute of chioro-
phyll. They reproduce primarily by means of
asexual spores. Several plant diseases sve
caused by fungi. Among these are potato
blight, cotton oot rot, corn amut, and wheat
rust. Should attacks be made on food crops,
certain of the agents used might be in this
class,

Generally speaking, diceases caused by funei
in hurmans are less suvere than those produced
by other microorganisms, They usually pro-
duce mild, but often chronic diseancs such ag
ringworm, athlete’s foot, and San Juaquin Val-
Jey fever. However, & few fungi sre capable
of producing serious diseuses, such as blasto.
mycoais (a chrunic infection affecting the skin,
lungs, liver, bones, spleen, and Kidueys) in
humans,

2=15.4. Pretenes

Protozoa are single-celled, animal-like forms
occurring in a great variety of shapes, and in
many cases having complicated life cyeles. They
range in size from 1/25,000 to 1/250 of an inch.
The protozoans are mustly aquatic and repro-
duce by fission. A few types are parasitic. Ex-
amples of diseases ¢aused by these organisms
are amoebic dysentery and malaria.

Their complicated life cycles and reproduc-
tion method cause problems of mass 1 odustion
and transmission, which at the present time
limit the application of this class s biological

agents.

2-35.7. Texins

Toxins, which are polsons produced by cer-
tain microorganisms, and by certain fish, jelly
fish, shell fish, and insects, must be considered
as possible agenta for blological weapons. They
might be used iu two ways: either they conld
be produced outside the body and introduced
into food and wounds; or the organisms pro-
ducing them could be used as agents, In the
case of botulism (a form of food poisoning),
for example, the toxin is produced outside the
body and is eaten. The toxin produced by the
botullam organism is the moat potent known to
be produced by nature. It is hundreds of times

more puisunous than phusyene, musta-d s, or
cyanide, &id it io several tissas more toxic thun
rattieanake or cobra venom.

2-36. (U] AGENTS USED AGAINST
NON-HUMAN TARGETS

Foreign pathogenic organisms appear as the
agents most hikely to be used &s weapons in an
attack on apimals or plants. Unusual organisins
which can be employed as hiological weapons
agiainst man are fewer in number, and it is
probable that the common species will be
favored. However, ali of the lower furms which
wi! attack buth man and animals have poten-
tial churacteristics for biclogical agents, be-
cause they have two possible targets, and a
jarge number of secondary human cases might
follow an epizootic (epidemic among animals).

In the list of animal infections where man
may be involved are such diseasis as brucellosia,
anthrax, glanders, Rocky Mountain #aotted
fever, tularemia, and plague. For many of
them, eradication or control within the animal
population is the only effective method of pre-
venting human iufection. Veterinarians and
inspeciors of meats and other animal food
products may be the first to see the initial indi-
cation of anti-animal biclogical agents.

Pathogens or pests suitable for blological
agent attack against plants could be either of
foreigu origin ur those confined to limited aress
in the country sttacked. To be moat eifective,
biclogics! agents used against plants should be
capable of severely damaging important crops,
under the conditions that there are no immedi-
ately available conirol measures. These agents
must also be capable of persisting, accumulat-
ing, and spreading under prevailing climztic
conditions.

A number of diseases and insecis meet these
requirements for employment againat im-
portant field crops such as rice, corn, wheat,
oats, cotton, potatves, and so forth. Lnsses
caused by the introduction of several pathogens
and pests might have serious sttritional effects,
and might curtail the ability to export {ood and
materials of plaut origin.

In countriea such as Chins, wher» rice is the
primary food crop and the supply of it is slways
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5.+, the uac of anticrop agents could wipe out
the limited food supply by attacking this plant,
Widiout rice, a great majority of the civilian
. pulation would suffer extreme hardship
through lack of the diet mainstay. This would
be certain to greatly damage the economy, and
to result in famine. Luring the course of such
a famine, the ability to maintain militsry op-
erations would be drastically weakered, if not
halted altogether.

Indications of animal infection, even though
the general symptoms are not noticeable, might
be deviations in the normal behavior of animals,
such as undue drowsiness or restlessnesa. Other
symptoms which might appear with specific
diseases in animals include lameness, dimin-
ished milk secretion, ulcers, marked and rapid
lvss of weight, lowered reproduction eapucity,
bloody diarrhes, ervsion or eruptions of the
mucous membrances of the mouth, aischarges
from the eyes, hemorrhages, and paralysis,

Plant disease agents attack food, feed, fiber,
oil, medicinal, or industrial cropa in & number
of ways. They mny attack the conducting tis-
sues of plants and interfere with water move-
mert, or they may invade the snft tissues of
leaves and roots. They may inhibit yrowth or
cause lesions, rusts, or galls on sp-cific parts
of the plants.

The aymptoms w hich indicate that a crop has
been attacked or infacted will vary with the
type of pest or the specific disense, Soine of
these symptonus include: water-soanked injuries
to the foliage; shriveled and blighted kernels;

injuries of the leaf sheaths and stems; orange
calored blisters on stems and leaves; lumps on
stems, leaves, buds and ears; mottled snd
wrinkled Jeaves: yellowing of leaves and black-
ening of the veina; and general wiltiag and
rotting.

2-37. {C) DISSEMINATION SYSTEMS AND
MUNITIONS (Raf. 18)

Eiclogical agents may be delivered by vari-
ous weapon systems. These include missiles,
bomber aircraft, and spray tanks, The 8.4-inch
E134 sphere is a submisaile munition used to
disseminate liquid agents. This munition might
be delivered by the A/B, the C, the Sergeant,
and the XM-50 missiles, or by bomber aircraft.
The 4lj-inch E120R1 and E120R2 spherical
bomblets can be used to disseminate liquid
agents. These bomblets might be delivered by
bomber aircraft.

Flettner rotor-type munitions can be used to
disseminate both liquid and dry agents. The
S-inch version is used for dry fill. It might be
delivered by missiles such as the A/B, B, G,
Sergeant and XM-50. The 7-inch Flettner rotor
i used fuor disseminating liquid agents., It is
primarily delivered by boraber aircraft,

There are under G- =it apray tonks to
be used for the dissemin...on of liquid agent.
The Aero 14-B aircraft spray tank is currently
available for use with the A4D, F54-T3, ADS,
ADG, and AD7 Naval aircraft for disseminating
biological agents.

Section X (U)==Other Chamical Maans

2-38. INTRODUCTION

In addition to the chemical sgents. both
casualty and harassing, there are various other
chemiunl weapous. Thesc may be placed in
either of two major groups: offensive weapons,
cotaposed of the various types of ‘neeadiary
weapons; cnd defensive weapons, primarily
composed of the various types of screening
smokes. Although incendiary and amoke wea-
pons are now (irmly entrenched in the chemical
weapons system, their presence there is prob-

ably an accident of history, or a convenient
lumping together of weapons which were at one
time odd or unusual (Ref. 23).

Both incendiary and smoke weapons cre
known to have been employed as implcments of
warfare for thousands of years. Incendiary
chemicals were used by the Greeks as early as
1200 3.C., and they also were used in India and
by the Romans at & very early date. An early
weapon waz “Greek fire,” invented about 600
B.C. This has the property of spontaneously

2-38 ) SR
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bursting into flame on contact with water.
Smoke has also been used since early times, as
& screen for personnel and cavalry movements
(Ref. 22). In more receat times, incendiaries
and screening smokes were employed success-
fully and extensively in both World War 1I and
the Korean conflict.

2-3%. THE INCENDIARIES

Incendiary weapens, unlike the chemical
agents, are primarily concerned with the de-
struction of cquipment and material, rather
tlan with the infliction of casualties, The in-
cendiaries have also been used agaiust person-
nel with considerable succeas, especially against
massed troop movements. However, a broad
survey indicates that incendiaries have found
greatest application in the deatruction of indus-
trial installations, heusing, fuel dumps, ammu-
nition depots, etc.

Modern military incendiaries may be grouped
according to three types of material used: oil,
metal, and a combination of oil and metal. They
may also be grouped according to igmition
characteristics, as: the spontaneously flammable
materials, such as phosphorus; and those
agents which require ignition, such as mag-
nesium.

The oil incendiaries contributed materially to
our success against the Japanese in the Pacific
during World War Il. In 1942, the Japanese
had entrenched themselves in coconut-palm log
buakers and had completely halted our advance
ot Guadalcanal. These bunkers were nearly
impregnable and ordinary high-explosive shells
had failed to dislodge the enemy. With rela-
tively little training and experience in the use
of the flame thrower, the Marines successtully
attacked and destroyed bunker after bunker
with this weapon.

The Rame throwing techrique was so success-
ful in the Pacific, its us¢ was extended to the
Europesn Theatre of Operations, Here it was
not az aueceaaful, at first, principally because
of the limited range of the available flame
throwers, but also because the incendiary was
largely consumed during its pass.ge to the tar-
gel. These defects were remedied to an extent

by the use of heaviar oil, but the problem was
not complctely solved until M1 thickener (Na-
palm) was developed. When mixed with gaso-
line, this agent forms a jelly which holds the
gasoline mechanically. Bv its use, the gascline
may be ejected from a flame thrower and be
only slightly consumed before it reaches the
target. On arriving at the target the fuel scat-
ters in “blobs"” which burn sufficiently slowly to
gssure & maximum incendiery effect, The oil
incendiaries were not confined to flame throw-
ers, but were used in incendiaty bombs as well.
More than 760,000 Napalm bomb cjusters were
dropped on Japan, alone, during the Second
World War.

Another agent, filling approximately the same
rale as M1 (Napalm) thickener was IM. This
substance, a derivative of a synthetic rubber,
provides a better burning compoaition than M1,
In addition, newer, improved thickeners »
now available.

In most cases, oil incendiaries are equipped
with white phosphorus igniters to insure igni-
tion, because the bursting charge may or may
not serve this function. Becauss the ignition of
white phosphorus is prevented by water, a
sodium igniter is used in oil incendiaries that
are to be dropped over water.

Metal incendiaries include those consisting of
magnesium in various forms, and those com-
posed of powdered or granular sluminum
mixed with powdered iron oxide. Magnesium
is a soft metal which, when raised to its ignition
temperature of 623°C, burns vigorously in air.
In either solid or powdered form it is used as an
incendiary filling; in alloyed form it is used as
a casing for small incendiary bombs, Thermite
and Thermate are examples of aluminum and
iron oxide mixtures which find employment as
incendiary weapons.

The incendiary grensde produces its effect
by the burning of Thermste. Thermate is os-
sentially a wixture of approximately 73 per
cent powdered iron oxide (Fe,0,) and 27 per
cent powdered or granular aluminum. The
aluminum %as s higher afiinity fur oxygen than
iron; therefore, {f a mixture of iron oxide and
aluminum powder is raised to the combustion
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temperature of aluminum, an intense reaction
occurs (Ref. 3):

Fe,0: + 2Al = ALO, 4 2 Fe + Heat

Under favorable conditions, the Thermate
reaction produces temperatures of about 4,000°
F. This is high enough to turn the newly
formed metallic iren into a whitehot liguid.
which acts as a heat reservoir to prolong and
to syrend the heating or igniting action. An
ignition-type fuze with deluy element is used
with this type of grenade.

Incendiary mixtures of oil and metal pro-
duce the aame type of dispersed effect as that
abtained with oil incendiaries. These mixtures
are usually in the form of a paste composed of
magnesium dust, powdered iron oxide, and
carbor;, with & sufficient amount of petroleum
distifliate and asj “ait to form the paste. PT-1
jncendiary is the major weapon of this type
in use. The number of combustible elements in
a bomb of this type assures ready igmition by
stardard nose snd tail fuzes.

2-40. THI SCREENING SMOKES

2-40.1. General

The functions of the screening smokes are
to obscure the enemy's vision and to conceal
friendly troop movemsnts and installations,
These smokes are not considered to be toxic in
the concentrations which are normally used for
concealment purposes. However, exposures to
heavy amoke concentrations for extended pe-
riods, particularly if near the source of emis-
sion, may cause illness or even death. In con-
fined spaces or closed compartments, the
screening smokes are poisonous.

Technicaily, a amoke is & dispersion of ex-
tremely fine solid or liquid particles suspended
{n the air. Such particles reflect &nd absorb
light, and result in typica! smoke clouds. White
phosphorus  (symbol—WP) and plasticized
white phosphorus (PWP) are examples of sub-
stances used to produce screening smokes.

240.2. White Phcperus

White phosphorus is used both as an incendi-
ary and & screening smoke, and iz character-
jzed by pillaring and rapid burning (Ref. 81).

____UNCLASSIFIED

When hot amoke rises rapidly, it produces the
effect known as pillaring. In still air, the pillar-
ing of WP nullifies its acreening effect. WP
pillars because it has such a high heat of com-
bustion. Because WP is very brittle, the explo-
sion of the bursting charge in the munitions
in which it is used cause it to be broken into
small particles, which bura very rapidly. This
may enhance ity usefulness as an incendiary,
but also increases the pillaring.

Direct physical contact with solid phosphorus
will result in painful, slow-healing burns, The
smoke produced by the combustion of white
phosphorua will irritate the eyes, nose, throat,
and lungs. These symptoms are rarely pro-
nounced, however. White phosphorus smoke is
corrosive toward metals. it has no ability to
poison foodstuffs.

WP is a standard smoke filler for hand
grenades, rifle grenades, the 4.2-inch murtar
shell, rockets, and artillery shells.

2-40.3. HC Micture

HC mixture uses hexachioroethane (CCl,:
CCl,) for the production of smoke. The physio~
logical eftects of HC are somewhat more drastic
than white phosphorus, for this smoke has
toxic characteristics in high concentrationz.

2404, 5 Mixture

Sulphur trioxide-chlorosulfonic acid solution
(F'S), is another very effective mixture that
has been adopted as a smoke agent. FS ia
frritating to the eyes, nose, throat, and lunga
a8 ordinarily used, but it ix non-poisonous, The
liquid agent is highly. corrosive, especially so
to the skin,

2-40.5. The Ol Smoker

During World War II, a new method of
smoke generation was developed, based on
production of minute oil particles by purely
physical means. The cils used are straight,
non-additive petroleum oils of high flash.point,
similar to light lubricating oils, and are gen-
erally known us fog oils. The chemical agent
symabols are SGF-1 and SGF-2. Oil fog gen-
erators burn gasoline or other fuels, and the
fog oll is vaporized in the hot exhaust gases.
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As the gases expand into the surrounding air,
the oil vapol cools and condenses into a white
amoke or fog of high density, thus obscuring
the vision.

The oll smokes are the least piisonous of the
screening amokea. Although there is evidence

that petroleum oil smoke is ecarcinogenie,
breathing or working in # for extended periods
seldom produces any ill effects. Since these
amokes sre petro'eum ofls, they are non-cor.
rosive. In fact, any condensation would have &
lubricating or protective effect on metals,

Section X! (Ul—~Thermal Radiction

2-41. INTRODUCTION

Ansociated with & nuclear explosion are a
number of characteristic phenomens, some of
which are visible, while others are not directly
apparent. Certrin aspects of these phenomena
will depend on the type of burst (air, surface,
or subsurface). In addition, meteoroiogical
conditions, such as temperature, humidity,
wind, precipitation, and atmospheric pressure,
may influence some of the observable effects,
although the overall characteristics remain un-
changed. This section is concerned with ther-
mal radiation and the phenomena associsted
with it. The ball of fire, the mechanism of
thermal radistion, attenuation, the effects of
meteorological conditions and shielding, pri-
mary and secondary fires, the rhenomena of
fire storm, and the effect of the type of burst
will be discussed in sequence.

i-42. PRODUCTS OF THE NUCLEAR
EXPLOSION

The fusion or flssion of nuclear material in
an atomic weapon leads to the liberation of a
large amount of energy in a very amall period
of time within a limited quantity of matter.
A a result, the nuclear products, bomb casing,
weapen parts, and the surrcunding air are
raised to extremely high temperatures, ap-
proaching those in the center of the sun.

The maximum temperature attained in a
nuclear explogion is probably several million
degrees. This may be compared with a maxi-
mum of approximately 9,000° F in a conven-
tional high-explosive bomb, The great heat of
the nuclear explosion instantly converts the
materiais into gaseous form. Since these gases,
at the instant of explosion, are restricted to the
region occupied by ihe original constituents of

the bomb, tremendous pressures are produced
in the order of magnitude of several milliu:s of
pounds per-square-inch.

VWithin a few millionths of & second, these
intensely hot gases appear in a roughly
spherical, highly luminous mass. This is known
as the fireball. Although the brightness de-
creases with time, after about roven-tenths of
4 millisecond the fireball frovn & one megaton
(MT) bomh would appear to an observer 60
miles away to be thirty times as brilliant as the
sun al noon. In several of the nuclear tests
conducted at the Nevada Test Site, in all of
which bombs of less than 100 kilotons (KT)
were employed, the glare at dawn has been
visible more than 400 miles away. As a gederal
ruls, the luminosity does not vary greatly with
the yield of the bomb. Therefore, the surface
temperatures attained, upon which the bright-
ness depends, cannot be very different despite
the differences in the total amounts of energy
released (Ref, 17).

Immediately after its formation, the ball of
fire begins to grow in size, engulfing the sur-
rounding area. Tuis growth is accompanied by
a decrease i temperature and presaure and,
hence, in luminoaity. At the same: time, the fire-
ball rises, like a hot-air balloon, After about
one minute, the firebail has cocled to an extent
where it is no longer vixible. It has then risen
approximately 4.5 miles from the point of
burst.

2-41. EMISSION OF THERMAL RAD'ATION

Immediatoly upon formation, the fireball be-
gina to emit thermal radiation. Heeause of the
extrems temperatures, this radiation conzists
of ultraviolet rays as well as visihle and in-
frared rays. Certalu phenomena associated
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with the absorption of therma! radiation hy
the air in front of the firebud (Ch. 4, Par. 4-7.
.2) cause the surface temperature to undergo
& curious change, Althuugh the temperature of
the interior falls steadily, the temperature of
the surface at first decreases more rapidly than
this, then increases again, and, finally, falls off
continuously. Thus, there are essentially two
surface-temperature pulsea: the firat is of very
short duration; the second lasts for a much
longer period. ‘This phenomenon is character.
istic of all nuclear explosions, although the
duration of the pulses increases with an In-
creaue in the energy yield of the explosion,

Corresponding to the two temperature
pulses, there are two pulses of thermal radia-
tion from the fireball (Ref, 17), as shown in
Fig. 2=16. In the first pulse, the temperatures
are extremely high, which results in a large
portion of the radiation being in the ultraviolet
range. Moderately large doses of ultraviolet
radiation can cruse painful blisters, and even
small doses can cause reddening of the akin.
However, the first pulse of thermal radlstion Is
not considered a significant skin-burn hLazard
for several reasons. One reason is that only
shout ona per cent of the total radiation ap-
pears in the initial pulse because of its short
duration. In addition, the ultraviolet rays of
this pulse are attenuated by the intervening
air, making the ranges at which the thermal
radiation could cause significant damage so
short that other radiaticn effects are much
more serious.

The second pulse may last for several sec-
onds. This emission carries approximately 89
per cent of the total thermal radiation energy
from the bomb. Because the temperatures are
lowsr than in the first pulse, moat of the rays
lie in the visible and infrared spectrum. It is
this radistion which is responsible for most
skin-burns of exposed personnel, and which
causas the ignition of a large number of sec-
ondary fires,

Of the total energy yield of a nuclear air
burst at low altitude, approsimately one third
is emitted in the form of thermal radiation.
Hence, for every l-kiloton yield of the axplosion,
approximately 8.3 x 10% calories of thermal
energy are liberated, an amount sufficient to

convert over a million pounds of water into
steam.

2-44, DISTRIBUTION AND ATTENUATION
OF THERMAL RADIATION

The extent of injuries or the amount of dam-
age caused by thermal radiation depends upon
the total amount of cnergy received by a unit
area of skin, or exposed, combuatible material.
The thermal energy per-unit-area will decrease
with distance from the ground zero (the point
on the surface directly ubove which the bomb
is detonated) for two reasons: The dispersal
of the radiation over a constantly increasing
area as it moves away from the fireball; and
the attenuation of the radiation in its passage
through the air.

If a unifonn distribution of radlation and no
attenuation are assumed at a distance R from
ground zero, then the same amount of energy
will fall upou each unit portion of the surface
of a sphere of radiua R. The total surface area
of this sphere s 4xR?, and the energy received

E
per unit area is, therefore, =y where E is

4x

the total thermal energy yield of the explosion.
1t is clear, then, that under the assumed condi-
tions the energy received per unit area there-
fore varies inversely as the square of the
distance from the explosion.

In order to obtaln a more realistic estimate
of the quantity of thermal radiation arriving

»
o

RATE OF EMISSION OF THERMAL
RADIATION {RELATIVE SCALE)
n [
3] ©

9 20 40 &8 8 ©9
TIME AFTER EXPLOSION
{RELATIVE SCALE)

Figure 2-16. Emission of Thermel Radiotion
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. at a particular unit area, however, the effect

of atmospheric attenuation must be considered.
Attenuation is due in part to absorption by the
molecules present in the air, and partly to the
acattering or diversion of the rays from their
original path.

The absorption, or removal, of thermal

energy rays by air molecules is most effective
for the short wavelength (ultraviclet) rays.
Oxygen molecules and ozone are quite signin-
cant in achieving this effect. Although the
proportion of oione present in the atmosphere
is normally quite amall, considerable quantities
are released by the interaction of oxygen with
the gamma radiation from the nuclear ex-
plosion. Because of thii ahsorption quality of
the atmosphere, tho amount of ultraviolet
radiation decreases rapidly with the distance
from ground zero. At distances such that
thermal radiation effects are more significant
than the effects of blast and nuclear radiation,
the proportion of uitraviolet radiation present
has become quite swmall.
- Attenuation as a result of scattering (the
diversion of rays from their original path) oc-
eurs with radiation of all wave lengths. Scat-
tering can be caused by collison with maolecules
present in the atmosphere, or, mure important-
ly, by the reflection and diffraction of tigh! rays
by particles of dust, smoke, or fog. This diver.
sion from the original path results in & dif-
fused, rather than & direct, transmission of the
thermal radiation.

.The decrease of therma) radiation energy due
to scattering depends upon the wave length of
the radiation and upon the prevailing atmos-
pheric conditions, The different wave leagths,
ultraviclet, visible, and infénred, will attenuate
at different rates. For most practical purposes,
however, it is reasonably satisfactory, slthough
certainly less precise, to utilize a-mean attenua-
tion averaged over ail the wave lengths present.

The state of the atmosphere as far as scat-
tering Is concerned will be represented by what
is known as the visibility range. This is defined
as the horizontal distance at which s large dark
object can be seen against the horizon sky in
daylight. A rough correlation between the visi-
bility and the clarity of the atmosphere is

‘given In Table 2-6.

[ 2]

TABLE 24, VISIULITY AND ATMOSPHERIC
CLARITY (Ref. 17)

Atmogpheric Condition Visibility (miles)

Exceptionally clear More than ¥
Very clear 1230
Moderately clear 6—12
Light haze 25— 6
Haze 1.2—205
Dense haze or fog Less than 1.2

The attenuation is believed to increase con-
tlnuously with incremsing distance, At any
given distance the degree of attenuation does
not vary considerably with the visibility, pro-
vided the following conditions are met: the
visibility range is between two and fifty miles
{atmospheric condition ranging from light haze
to exceptionally ciear); the distance is half the
visibility range or less; and the explosion doea
not oceur beneath a clond layer.

The ineffectiveness of the atmosphere as an
kttenuator, when the-sbove conditions are ad-
hered to, can be directly ascribed to the effect
of scatiering, The thenaal radiation melvad
at a particular point can be attribut=< to both
direct and scutter transmission. If the air is
clear, there are very few suspended particles,
and the effect of scattering is small. In this
case, the radiation received is essentially only
that which has been tranamitted directly. If

" the air contsins & moderately large number of

particles, more radiation will be scattered and,
consequently, a smaller amount of direct radia-
tion will reach the target. However, subsequent
scattering of alveady deflacted rays (multiple
scattering) generally results in sufficient scat-
terod radiation arriving at the target to com-
pensate for the loas of directly transmitted
energy. '
However, it should bs noted again that this
general condition applies only when the restric-
tions previously mentionsd are adhered to. In
the event the visibility range is ess than iwo
miles, only a snaall portion of the thermal radia-
ti)n will escape scatlering. If this condition
exists, the tremendous loss in direct transmis-
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sicn cannot be compensated for by multiple
scattering. Consequently, there is a definite de-
crease in the radiant eneryy received at a speci-
fied distance from the explosion.

Attention should slso be drawn to the dis-
tance limitation; the target in question is at leas
than half the visibility range. At greater dis-
tances, loss of radiation to the atmosphere
cannot be neglected. . In this circumstance, the
assumption that the energy attenuation is inde-
pendent of the visibility leads to estimates of
thermal energy which are too high.

Should the explosion occur in moderately
clear air but beneath a layer of cloud or fog,
the asssumption is also invalid. Some of the
radiation which would normally proceed out-
ward into space will be scattered back to earth,
resulting in a greater amount of energy re-
ceived than would normally be expected.

A nuclear bomb detonated above s dense
cloud, fog, or smoke layer has just the opposite
esult. An appreciable portion of the energy
‘will be reflected upwurd and must be regurded
as lost, as far as the ground target is concerned.
In addition, aimost all of the radiation pene-
trating the cloud will be scattered; very little
will reach the target Ly direct tranzmission.
These two effects result in a considerable de-
crease in the amount of radiation reaching the
target. Chemical smoke acts exactly like a
cloud or fog. A dense amoke screen between the
point of burst and a given target can reduce
the thermal radiation received as much as 90
par cent.

Unless scattered, thermal radiation travels
in straight lines from its source like ordinary
light. Any solid, opaque matericl will serve as
an adequaté shield againat divectly tranamitted
rays, provided it is between the target and the
source. Transparent materials such as glass
and plastics, however, allow the passage of
thervmal energy with only slight attenuation.

Under hazy atmospheric conditions, a sghield
which merely intervenes beiween the target and
fireball may not be sufficient. The large pro-
portion of scattered radiation will arrive from
all directions, not from the point of burst alone.
This situation should be borne in mind in con-

nection with the problem of protection sgminst
thermal radiation.

2-45. DAMAGE EFFECTS

Generally, two types of fires may result from
a nuclear detonution, These are usually re-
ferred to as primary and secondary fires. Pri-
mury fires are those which are ignited by the
thermal radiation from the bomb, and second-
ary fires are those which indirectly result from
the effects of blast.

When therma! radiation strikes an exposed
surface, it is partially absorbed and is immedi-
ately converted into heat. Since nearly all the
rudiation is delivered in a few seconds, there ix
not-sufficient time for conductive heat transfer
to take place. Consequently, exceptionally high
surface tomperatures result. These high sur-
face temperatures, dependent upon the color
and nature of the substance, and the amount of
thermal radiation received, may cauge the ma-
terial to scorch, char, or bursat into flames (Ref.
23).

Thermal radiation also results in injuries
to personnel by means of painful skin burne and
eye injuries. Again, the amount of radiation
received and, therefore, the distance from
ground zerc, determine the extent of the dam-
age.

Usually, a great number of fires, both pri-
mary and secondary, accompany nuclear explo-
sfon. Thia simultaneous burning effect may pro-
duce the phenomena known as fire storm. Az a
result of the huge masses of hot air and gases
rising from the burning area, air is sucked inon
all sides with great force, produci g a sirong
wind which blows toward the conter of the fire.
The effect is similar to the draft in a chiminey,
except on a much larger scale. At Hiroshima,
the winds produced reached velocities of 30 to
40 miles an hour. The fire storm was a decisive
factor in limiting the spread of fire, and caused
an almost upiform burn-out area in which al-
most everything was destroyed. It should be
noted that a fire storm does not always ac-
company & ntuclear explosion, and it could occur
with fires resulting from other origins.
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In addition to the damage wrodu.ed by the
primary and secondary fires, thermal radiation
may be an effective kill mechaniam in a quits
difterent manner. When a structure such as a

bridge, bullding, or aircraft is exposed to a sub-

stantial increase in temperature, a correspond-
ing decrease in the strength characteristics of
the materiais composing the structure results.
This decrease in structural strength causes the
structure to become more vulnerable to the
blast mechaniam associated with the detonation
of & nuclear weapon. Should the increas: in
temperature be of Jufficient magnitude, {t is
postible for collapse to occur without the addi-
tion of any loads other than those normally im.
posed on the atructure,

e

-

The forcRoing discussion has referved Ie par-
ticular to thermal radistion from an air burst.
For other types of bure's the results are the
same, in general, but they differ in degree. For
a surface burst on land or water, the amount of
thermal radiation is lesa than for an air burst.
This is due In part to a portion of the thermal
anergy being absorbed by the ezrth and water,
and partly to additional scattering caused by
the greater density of atmospheric particles at
the earth's surface. In subsurface bursts, near-
ly all the radiant energy in absorbed by the soil
or water. The thermal effects are then con-
sumed in the vaporizing of the soil or water, as
the case may be.

Section XHl {C)—Nuclear Radiation

2-44, (V) INTRODUCTION

Nuclear radiation may be conveniently sepa-
rated into initial radiation and residual radia-
tion. The initial radiation is defined as that
produced within the firat minute after detona-
tion of a nuclear weapon. All of the residual
radiation, which arises from several sources,
is produced after the first minute has elapsed.
{Refer to Ch. 4, Par. 4-8.)

As & hazard, radiation Is primarily depend.

‘ent upon the yield of the wespon and the type

and height of burst. As might be expected, an
increase in energy yield causes an increase in
the nuclear radiation emitted. This, however,
causes an enlargement of the area over which
a given dose is received. For a weapon air
burst (fireball does not touch the ground) es.
sentially alt the harmful radistion is produced
during the initinl phase (firat minute after
detonation),

Such is not the case for underwater, under-
ground, or surface bursts. In these instances,
¢ large gquantity of matter is pulled into the
axplosion and, consequently, is made radioac-
tive. This materl, coupled with the radio-
active bomb residues, presents a significant
vesidual radiation probiem. The mechanics of
nuclear radiation, both initial and residual, the
type of radistions pressat, the distances at
which they are effective, and the units with

which they are measured, are presented in Ch.
4, Par. 4-8.2, 1t is not necessary for this dis-
cussion that they be repeated in dotail here.

Essentially, all types of nuclear radistions
produce the same end effects in, or on, varicus
materials. The different types of radiation may
produce variations in the magnitude of the ef-
fects for equivalent exposures, but thix is rela-
tively unimportant when considering only the
actusl mechanism of kill.

2-47. (U) PHYSIOLOGICAL EFMICTS

Excemsive exposure to vuclear radistions,
such as X-rays, alpha and beta particles,
gamma rays, and neutrons, can cause injury to
living organiams. The harmful effects of radia-
tion seem to be due to the ionixation and excita-
tion produced in the cells composing living
tissnes. As & result of ionizsation, some of the
conatituents of tha eells which are sssantia! to
nornal functioning, ave destroyed. In addition,
the producta formed during the cell destruction
process often act a3 oell noisons. Among the
observed consequences of the action of ionizing
radiations on cells are: breaking of the chromo-
somes, swelling of the nucleus, complets de-
siruction of tha cell, an increxza in the viscosity
of the cell fluid, and incresssd permeability of
the cell membrane. In sddition, the process of
cell division (mitosis) is delayed by exposure
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to radiation. Frequently, the ability of the cell
to undergo mitosis is completely inhibited. The
effect of nuclear radiation on living organivms
is dependent not only on the total doso received
but on the rate of delivery. The majority of
living cells have the ability to recover at least
partially if some time is allowed to elapse be-
tween doses. The expected initial effects on
living organisms are visible in the physiolugieal
sympioms produced: vomiting, nausen, dlar-
thea, inflammation, fever, emaciation. and
death,

In addition to the initial effects, there are
several cunsequences which do not become evi-
dent for some ycars after exposure. Several of
the more important retarded effects are diy-
cussed in the following paragraphs.

The incidence of cataracts seems to |-
greatly increased in perscns whu were eaposed
to velatively large doses of radiation, but man-
aped to survive the initial effects, Along the
same line. a study of mortality rates in Japun
indicates an enormous increase in the occur-
rence of leukemia among survivors of the
bombings at Hiroshima and Nagasaki. The in-
cidence of leukemia among these survivors was,
on the average, ahout one¢ in 500, compured
with one in 50,000 among the unexposed popu-
lation of Japan (Ref. 17).

There was also a marked increase over nor-
mal in the number of stillbirths and in the
deaths of newly-born infants. A study of the

surviving children made or five years later
showed an incremsed fr., cy of moental re-
tardation. :

The genetic effects of radiation are those of
a loog-term character which produco no visible
injury in the exposed generations, but may
have significant consequences to future genera-
tions. These effects differ from most radiation
injuries in that they appear to be cumulative
and, to & grest extent, do not depend on the
dose rate, but only on the total dose.

The harmful effects of mutation may be quite
varied, ranging from a decrease in Nfg expoct-
ancy by s few months, to death in the em-
bryonic stage. Sterility is another common re-

sult. The increase in genetic mutations seems
to be in direct proportion to the amount of
2.44

radiation absorbed by the parents. There seems
to be no amount of radiation, however small,
that does not produce some genctic change.

2-48. (C) PHYSICAL EPFICTS

Except for photographic film, which Is
clouded by neutron interaction with the par-
ticlea in the emulsion, and for electronic eq' « -
ment which utilizes transistors, nn permanent
damage to equipment results from neutron
radiation. There is evidence that exposure to
a neutron fux in excess of 10" neutrons per
square centimeter permanently altery the char-
acteristics of transistors, However, any elec-
tronic ejuipment exposed to this flux of neu-
trons from & nuclear weapon detonation ‘s
likely to be destroyed or severely damuged by
other aspecta of the explosion. Discoloration of
glasa does not occur for neutron fluxes less than
about 10" neutrons per square centimeter, and
thus can be disregarded as a significant effect
(Rof. 16).

If the neutron flux is sufficiently high, a cer-
tain amount of neutron-induced gamma activ-
ity (Ch. 4, Par. 4-3.4), results for most crticles
made of steel. The induced activity presents no
significant huzard except for articles almost
within the fireball. Even thun, the activity de-
cays so rapidly as to be negiigible Joxs than a
day after exposure. Significant neutron-in-
duced, beta-particle radistion occurs in articles
made of brass or other copper alloys, Aguin,
radioactive decay reduces the activity to negli-
gibla levela in a short time.

In general, damage to materials by gemma
ridiation requircs massive quantities to be
effective. Damage from some other weapon
phenomens is almost always more significant.
Gamma radiation in excesa of 10,000 roentgens
can cause deteriorstion of rubber and other
polymers, as evidenced by a decrease in tensile
strength. Like neutron radiation, large quanti-
ties of gamma rays can cause discoloration of
glass. Since gamma rays induce negligible
radionctivity in materiala, no residual radiation
hazard is caused.

In the absence of atmosphere, perhups the
most damaging aspect of a nuclear detonation
Is the X-rsy effect. A large smount of energy

UNCLASSIFED

UNCLASSIFIED



UNCLASSIFIED ... ...

1}

is relessed from the bomb as soft X-rays in an
oxtremely short time period. Those which
strike & solid surface deposit their energy
within a thin surface laysr. Aithough the total
incident X-ray flux may be very low, the nuw-
terial in thias thin layer becomes extremely-hot,
vaporizes, and blows off at a high velocity. This
blow-off causes an inpulse that develops a
shock wava in the remaining material. The
shock wuve thenr trnvels through the material
Inyver and is reflecied from the oppasile side,
which results in spalling from the rear surface.
This effect is similar to the effect of fragments,
in that damage is caused by the kinetlc encrgy
of internal particies within the target. In addi-

tion, exposed optical devices sud other fragile
components are immadiately destruyed.

One other radiation phenomenon should be
mentioned as & possible idil mechanism. A large
electrical signal is produced by the detonation
of a nuclear weapon. This signal consists of a
sharp transient weve, with 4 strong frequency
in the neighborhocd of 156 kilocycles. Ield
strengths greater than one volt per meter have
been detected at distances of 2,000 miles from
the detonation of megaton-yleld weapons. It
can be expected that electronic equipment
which responda to rapid, short-duration, tran-
slents will be actuated by the plck-up of this
phenomenon (Ref, 16).

Section Xill (U)-—Target Hlumination

2-47. INTRODUCTION

The purnosss of terminal effects fall into.two
broad cateyories: the actual defeat of a target;
and the production of an effect (signaling,
iluminnting, screening) that will aid in the
ultimate defeat of the target. Turget {iumina-
tion, then, is & means by which the protection
of darkneas Is decrcased and the turget is
tendered more vulnerable to the various kill
mechanisms (Ref. 82). The illumination may
bo provided by pyrotechnic devices (shells, trip
flares, etc.), searchlights, or vlectronic alds,

2-50. PYROTECHNIC DEVICES

Some common pyrotechnic devices which
provide target illumination are illuminiting
shelly, aireraft-drupped bombardment flares,
and lund-mine trip flares (Ref, 35). :

Iluminating shells are essuntially parachute
flures specially housed Ip shell casings for
launching from artillery weapons (Ref. 83).
Alrcraft bombardment flares wre desigmed to
provide {llumination for night bombardment
(Ref. 34). They, too, sxe essentially parachute
flazes, but are housed In a bomb-like casing. In

. both the shell and bomb flare, a time fuze sets

off an e¢joction charge which expels the pars-
chuts flare, Trip fiares are constructed like a
“bhounding” tvpo of antipersonnel mine; or are
similar to s hand grensde and fitted with a
mounting bracket for attachment to trees,

a1 .
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poles, ete. Both types of trip flares are usually
set off by trip wires or foot contuct (Refs. 33
and 34). They sre intended to give wurning of
enemy infiltration, and to silhouette thia infiltra.
tors xo0 that they may be fired at. The “bound-
ing” type i3 propelled into the air by a small
ejection charge whun the flare i actunted. This
flare hus a parachute to delay itx fall. The
grenade type (lare is stationary und simply
Lurns when actuated by the trip wire. :

251, SEARCHLIGHTS
Searchlights can nlno provide target illumina- '

* tion. The large 60-lnch diameter searchlight

and the new 80.iuch general purpose search-
light can provide divect ilumination, particu-
larly in hilly terrain. Although these lights are
not armored, they are relatively invulnerable
to enemy :mall-urma fire and high-explosive
gttack because of the extreme difficulty in esti-
mating range to the source of the light (Ref.
86). Large, battlefield-illumination search-
lights are most frequently used for indirect
illumination, either by diffusion of a slightly
elevated beam Ly atmospherie particles, or by
reflection from low lying clouds. In this indirect
mode, the 30.inch saarchlight can provide
illumination equivalent to quarter moonlight at
a range of 10,000 meters.

A new tank-mounted xenon sesrchlight re-
piaces the 18-inch fighting light (visible “ight).
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It will be used in cunjunction with new in-
frared-visible periscopes and binoculars. The
xenon searchlight is mounted on Lthe gun mant-
let and is boresighted with the main armament.
This searchlight has several lenses and filiers
concentriz .bout the Z,500-watt xenon lanip.
These ciements rolate upon command ":um con.
trols within the tank. The resultaut tive modes
of operation are: visible light, compact or
sproad; infraved light, cuupact or spread; or
blackout (the lamp opersting but coinpletely
obscured). This searchlight has 100-millinn,
peak-beam candlepower. Its light beam pro-
duces a dszzling or blinding effect in the eyes
of the enemy, which hampera his aim and
movement, and temporarily destroys his night
vision. The dazzling effect of the light also can
provide concealment for movement of friendly
unita.

]

2.52, ELECTRONIC DEVICES

Electronic means tu provide night vision for
target acquisition and engagement are also
available. These utilize near-infrared, low-light-
level image intensification, and far-infrared.
Near-infrared aystems employ pmjected, in-
visible, near-infrared light, and a viewer which
convert the reflected infrared rays to & visible
image. Low-light.level, image-intenaification
equipments greatly amplify tho reflected na-
tural night illumination to the extent that a
useful visible image is obtained, Far-Infrared
devices utilize the fardnfrured (or hest-
anergy) which is emitted by all objects to &
degree depondent upon their temperature and
surfuce charscteristics, The body warmth of a
man, and the heat from the engine compart-

ment of a vehicle or aircraft, have a significant
infrarcd signuture to & far-infrarved detector.

Near-infrared systems have the advantage of
very long range viewing and instantaneous
imaging. ‘However, the projected, near-infréred
radiations may be detected by a properly
equipped enemy. The low-light-evels image-
intensilteation and fav-infrared squipments are
passive, but have ivss instantaneous viewing
rangrs thiu comparable near-infrared devices.

The only cyrrently operational, elentronic-
imaring, night-vision oquipments are near-in.
frared devices, These vary from the hand held
Infraved Waaponsight far the M-14 rifle to the
Nighi Vision Kit for tl,a M-80 tank. The latter
«onsists of twu similar |~riscopen tor ‘he gun-
ner and commander, each having boin visible
and irfrared viewing chunnele. an iufrared
aand held binocular, and the xenon tunk-
mounted searchltight, All uf the vicwers use a
small, sincie-stage, imnge-converter tube.

The next-generation, night-vision equipment
for tanks will consist: of low-light-level, image-
intensification vicwors. These viewers will use
three or more image tubes in seriey, in order to
realize brightness gains of 100,000 or more
times. They will be designed us periscopes or

articulated telescupea, as the particular applica- -

tion warrants. Remote-view, closed-circuit,
television-type, systams will also e available
for use in those situativn: requiring image
transfor. Special (eatures ruch as selective,
dusl-capability, pessive-and-active vinwing
modes, using elther ambient night {Jluminuiiva
or projected near-infraved, or using image iute-
gration or sto.age for a brief time exposure,
may be used to greatly increase viewing
ranges.

Section XIY (S)—Radar Jamming

2-53. INTRODUCTION

Radar jamming, in its broadest sense, may
conaist of any method of denial of radar-derived
informstion by the opponent. The method of
denfinl m:y take the form of deception or con-
fusion and, In general, iy limited ounly by tho
ingenuity of the designer.

The ability to perfom successful jamming ks
daependent on several factora. The firat, of
coutse, is detection. This involves the locating,
examination, end anelysis of cectrumagnetic
radlation to gain information about the op-
ponent’s actions and intontions, Methods, here,
cin include ground monitor receivers, recon-
naissance reccivery, pasalve teil warning sys-
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tems, snd passive radar warning aystems. In

any event, an @ priori knowledge of precisely
what i . that ong wishes to jam is required.

The second factor is power. Whether decep-
tion, the generation of false sigaals to simulate
real ones and so mislead the opponent, or denial,
the radiation of apurieus signals to mask the
signals needed by the opponent’s system [or
proper operation, is selected as the desired
countermeasure, it s necessury that the jam-
ming signal be dominant.

Successful operation of a radar requires the
detection of the energy reflected from the de-
sired target. The power, S, received from a
target is found from the radar equation

PG e A

S e (2-2)

(dn)* R4
where

' =peak power transmitied by the radar

G.=on-axis gain of the radar antenna

o=back-scattering cross-section of thetarget

A=eflective aperture of the radar antenna

R=range from radar to target.

A jamming transmitter located in the target,
if it i assumed that the total power will fall in
the radar pass band, will deliver to the radar a
power J, given hy
PG A

&= R*

where P,=jammer power
G, =jammer gain.
The ratio of jamming power to aignal power
J/8 becomes a significant parameter, and can
be seen to be

J= z-9

P, G) =R
Sl B Bl
PiG:i e

Since J/S varies with runge squared, it is ap-
parent that, for J/S greater than unity, the
jammer rapidly gains advantage over the radar
with incressing range. For J/S less than one,
the converse is true. We may then take the
range for which the jamming-to-signal ratio is
unity ss the maximum effective range of the
radar. Beyond this range, the jammer will
effectively deny the use of the radar. This par-

J/8= (2-4)

ticular value of range is often termad the “self-
screening range” of the januner.

Granting that the jammer has ths ability to
deliver a significantly greater powar to the
radur receiver than that xoceived from the tar-
Zat, the particular form that the jamming
power takes becomey of interest.

Tho following peragraphs of this chapter
discuss radar jamming methods and present
very generalized examples of presently con-
ceived jamming equipment.

2-54, RADAR JAMMING METHODS

2=54.1. Genersl

All forms of jaraming can be classed as either
sctive or pussive, Active jamming requires the
generation and transmiasion of energy by the
jammiing source, Pussive jumming takes ad-
vantage of the radiated energy of the radar
that is to be jammed, in some manner cal-
culated to produce confusion,

2-54.2. Passive Jamming

Passive methods of jamming may consist of
atmospheric effects, chaff, decoys, uati-radar
coatings, or reflectors (Fig. 2-17). The atmos-
pheric effects are aimply fortuitous meteor-
ological effects which may serve to occluds
targets. Because these effects can, at beat, only
happen to be operative on the radar frequency,
and because they sre not under control of the
jammer, little consideration nead be given
them.

Chafl is the most common and effective ma-
terial and will probably still be employed in the
coming decade. Chaff consists simply of thin
metallic strips or metalized dielectric filaments,
cut to & length 80 as to resonate in the desired
radar band. They ara disponsed in mid-air,
either in » continuous flow or in bursts. Con-
tinuous flow methods are ased to provide a
corridor or shield (to provide a screen) behind

which deployment of aircraft may be carried

out uncbserved. Discrete bursts are generslly
used to saturate a defense with false targets.
Decoys will employ some form of solid re-
flesctor, either corner reflectors, Luneberg
lenses, or the like, and may be self-powered,
towed, or diapeused in a manner similar to de-
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Figure 217 (5). Passive Jemming Metheds, Block Diagrom (U]

layed-opening ciaff. The posaibllity exists thut
some form of mechanical shuttering or hlinking
may be used for angle-trackiug confusion; hut
size, weight, and drap disudvantuges make
them of quastionghle valve. Essentially the
samg tactics as for chaff may be employed in
this case.

Radar-absorbent materinl: have exivted since
World War I, and development work with
them continnes. Their principle is simple; the
target object is covered or vouted with & ma-
terial that is transparent to radny or that does
not re-radiate significant emeray back to the
radar. All forms of radar-sbsorbreut material
developsd to date have oot been completely
satisfactory for one of two rveasony: they are
effective only over & limited irequency range
(resonant effects); or significant absorption
can be obtained only with contings several
wavelengths thick. These conviderativns have
limited their use on aircraft, and the presently
avallable contings huve little practical ure an a
couniermesasure,

2-64.3. Active J-l;llllg

2-84.3.1. The Two Besic Methods

Active jamming requires the generation (or
amplification) and the transmission of energy
by the jamming sourca: Two hroad categories

can be established, depending on the {requency
innd occupied by the jamming signal. A wide
baxd system would be that radisting energy
over a bandwidth greater than that of the
radur Leing jammed, A narrow band system
would be yne radisting in % bandwidth equai to
or Jess than tiis bandwidth of the radar being
jammed. The natvow band systems have the
advantage of high power density (watts, mega-
eycie) for & velatively small tolal output powsr.
The wide band systems have the capability to
jam o wide range of frequencies and several
radars simultancously., Comsidersbly more
jnmming energy is required to disrupt the
radar than in the case of the narrow band
jammer.

2-54.3.2. Wide Bund Jumming

Wide bsnd active jamming may connsist
maerely of the generstion of random noise,
either white or colored, having an inherently
large bundwidth, or it may consist of the gen-
eration of specisl waveforms having many fre-
quency ctomponents. The possible wideband
actlve jamining methods are indicated in Fig.
2-18.

An impulse is an outstanding cass of a wave-
form requiring & wide frequency band. The
impulse function, somestimes called the Dirac
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Figure 2-18 (S). Wide Band Active Rodar Jamming Methods, Block Diagrom (U)

or delta function, is an extremely narrow pulse
in the time domain, tending to zero width In
the limit. This function, when transformed to
the frequency domain by the Fourier integral,
will show frequency components extending
from zero to infinity in the limit. While a pulse
having & zer. width in time is not realizable, it
may be approached to the extent of having a
significantly greater bandwicih then the ac-
ceptance bandwidih of the radar to be jammed,

Wideband swept jamming may conalst of a
parrow band of noiss whose caater frequsncy
is swapt over & wide band, or it may consist of
& sinple continuous wave which is swept in
frequency. In general, the slowly awept systems

will use noise ax the jamming wignal, while the
rapidly awept systems will use a continuous
wave. The advantage of the latter lles in the
fact that, if the contituous wave is swept
through the radar pass band at s sufficiently
rapid rais (megacycles/sacond/second), a sig-
nal will ba genarated in the pass band having &
time dupation shorter than that normally used
by the radar. This spproachss the impulse
function case, with the resuit that the radar
pass band is essentially flled with energy de-
livered by the jammer.

The basic, wideband, noise jammer is the
barrage jammer, one which simply radiates
wide bard noise et high power lavels.
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3-54.3.3 Nearrow Buad Jamming

& b ic Technigque:

The narrow band active jammers (Fig. 2-19)
_allow greater sophisticatior . . plication and
in jamming results. Their u.» makes available
to the jammer the tachniques ~f deception, as
contrasted with the confusion tactica generated
by the wide band aystems. Because the fre-
quency band occupied by the oarrow band
jemmeys ‘2 no greater than the acceptance
bandwidth of the vadar, and because deception
may be the desired result of the jamming,
fairly detailed characteristics of the radar must
be known to the jammer.

The narrow baud jamming methods may use
continuous wave aignals, either modulated or
unmodulated, or continuous random noise, with
the objective of saturating the radar amplifiers.
The area of greatest sophistication in this field
liez in methods of pulse modulation. Random
pulses may ha used with effects similar to those
of an adjacent, friendly radar; or true, decep-
tive-modulation mathods may be employed.

b. Deceplion Repacters

(1) Basic Techriques

The deception jrmmers are &ll repeater type
devices; that is. they receive the radar signal,
operate on the sigma in some fashinn, and re-
tranamit the medified sigual beek w the radar.
The purpose of repeuter countzrmeasures is to
disrupt or degrade the tracking cam dlities of
automustic tracking radars, to {he eiant that
precise tracking data ai denicl. This renders
ineffective; to cuane extant, “hose weapons that
require procise data for weapon contrel. The
following suk-parsgraphs describe some of the
more commonly used repeater jammers.

(2) Range Gate Stealor

This repeater jammer samples tae redar in-
terrogating impulse inatantaneously, stores the
frequency, and repeats i synthetic signal that
iu several times stronger than that of the inter-
rvgating signal nna is in time coincidence with
the radar echo. On subseguent intervogations,
the retumed signe! is prograsuively delayed In
time. When the radar range gate has been dis-
placed sufficiently from th.. target, the jammer
is shut off and iock-un ia loat. The radar must
then go through the range acquisition program

again, at which time the jammer repeats the
gate atealing cycle. By this method, range in-
formation is denied to the radar, and weapon
attack computations cannot be made.

(3) Angle Track Breaker

Several modulation techniques are possible
for this purpose. Qne consists simply of re-
peating the interrogaiion signal with a super-
imposed amplitude modulation at low frequen-
cies, thus causing muise in the radar angle
tracking channeis. This, in turn, will increase
the average tracking error, and possibly cause
antenna defleciions sufficient to cause loss of
the target signal. Other modulation raethods,
eff ctive against conical tracking radars, may
cousist of “inverse gain™ modulation, or phase

shift, to prevent the cracking radar from nul--

ling on the true target position. Under the
proper conditions, a phase shif{ r*;«ater can
entirely prevent a tracking radar from de-
termining & tracking error.

{4) Velacity Gale Stepler

These repeaters, designed for employment
against Doppler radars, operate somewhat in
the manner of the range gate stealers. Ia this
case, the repeated signal is progressivaly
shifted in frequency, so that the velocity gate
of the Doppler radar is pulled off target.

2=8S. IMPLEMENTATION

2-65.1. Genersl

As has been shown in preceding paragraphs,
there are numerous, pospible methods of radar
jamming. However, careful investigution of
the pay-off for various radar-countermessure
games indicates that certain approaches and
methods are more sttractive than others, The
designers of countermassures equipment are
wall awire of these areas; s survey of opers~
tional equipment will show that the majority
of jammers are specifically intended to capital-
ize o they valuerahie sspects of the racars. In
additica, although countermessures is an
setive, changing fleld, it is limited by com-
ponent availabllity. For these reasons, it is
poaaible to establish very genarslizad jamming
equipment characlieristics, basad omn compo-
nents presantly available, and on components
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that are in the developmeut stage but will be
availsble in the near future. The equipmeats
that will probably be used in the early part of
the 1960-1970 decade are discussed in the fol-
lowing sub-parayraphs, and are illustraed by
generalized circuits.

It is to be noted that the following descrip-
tions end illustrations represent highly con-
ventionalized jammers, a8 indica‘ive of Jesign
trends and equipment capabilities, The actual
realization of the equipments is & considersbly
more complex undertaking than the diagrams
might indicate. In addition, the frequencies
and bandwidths indicated Are predicated on
operation between 500 and 1,000 me/s. A
change of operauting frequencies will require
somo readjustment of parameters. For ex-
ample, if the operat!-g frequencies are doubled,
either the number of filters in the banks must
be doublad, if the same Irequency rescjution is
to be obtained, or, if the same number of filters
is used, the frequency resolution becomes one-
half that indicated. These factors are the
normal engineering compromises that must be
made in any situation, but they should be kept
in mind.

=052, Uniferm Burrege Jummer

This unit will have a total power output
capability of 1.000 watts over an octave band-
width. A programmer will allow the selection
of any § me/s band, or any combination of
bands, at the discretion of the operator. The
power density will vary with the number of
bands in use, vanging from 200 w/me in a
single band down to 2 w/mc if all bands are
used. A block dizgram of thiz unit i3 shown as
Fig. 2-20. Characteristics of this unit, and

that follow, are based on a 500-1,000
me/s frequency ramge. Changas In this basic
range will cause variations in the indicated
values for power denaity and fllter widths.

2-55.3. Swept Barrege Jammer

This unit will utilize an output tube similar
to that used in the uniform berrage jammer,
An output power of 1,000 watts will be avail
able which, with & noise bandwidth of 50 me/s,
will yield a power density of 20 w/me. The
sweep width will be under the control of the

k

aperator and will extend from zero to 500 me/».
The sweep rate may be varied between the
limits of one sweep per minute to 5,000 sweeps
per sacond. Fig. 2-21 is a block diagram of this
unit. The voltage tuned oscillator will be a
backward wave tube, to provide an octave tun-
ing capability.

2-55.4. Compesite Spet Jammar

This unit will have the capability of either
single spot or multiple apot jemming, at the
operator's demand. In addition, various auto-
matic modes will be gvailable in either the
sing'e spot or multiple mode. In operation, the
received radar signal will be processed in &
filter-detection bank anrd, based on that analy-
sis, the appropriate Giter-gates will open to
jsm the frequency band which contained the
received signal. Look-through provigions will
be provided to allow observation of the hand
being jammed, permitting the decision to con-
tinue, or not continue, jamming. In single spot
operation, a sequential mode will be available
a8 well as the sutomatic mode. A simultancous
capabli 'y will provide multiple apot operstion
as wall a8 automatic modes.

The equipment will utilize 1,000-watt final
amplifiers, with a modulution bandwidih of
5 me/s providing a power density of 200 watts/
mc, in single spot operation, or 200
watts/me/radar when operated as a multiple
spot jammer, In either case, the frequency set-
on will be automatie in 5 me/s increments.
Fig. 2-22 is a block diagram of this unit.

2-85.5. Swept Froquency Transpender

This repeater type unit will provide & swept,
continuous wave across the frequency band of
any redar signal received The sweep will be
sufiiciently rapid to almulate impulss response
in the radar pass band, and s variable delay will
be provided to aimulate targets at ranges other
than that at which the jammer is located. The
peak output power will be 5,000 watts, with a
signal swept over 50 me/s st & rate of d0-me
per microsecond. The unit will have a multipls
radar capability, limited by the average power
capahility of the output traveling wave tube,
and by the design capability of the program-
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mer. The probable capability will be from 1 to
10 radars. Fig. 2-23 iz a block diagram of the
unit. :

2-85.6. Nelss Pulse Repeater.

This unit will be automatic in operation.
The received signal will cause a return signel
consisting of a large noise pulse at the radar
frequency. The pesk power output will be
5,000 watts, with a noise bandwidth of 50 me/s.
The power density will then be 100 w/me. The
unit will employ variable pulse width, with
delay on return, and will be capable of regspond-
ing to at least ten radars. A block diagram of
thia unit is included as Fig. 2-24.

2-85.7. Compesite Ropouter

This unit is typical of countermeasures de-
vices used for range gate stealing, or, by
change of modulation methods, for angle track
breaking, etc. The unit shown in Fig, 2-26 is
equipment which wouid be used for range gute
stealing. As can be aseen, it will simply provide
a means of delaying the received radar signal
for & variable period. In addition, the provi-
sion for variable gain is shown. This would
permit the eqaipment to operais as an angle
track breaker, if inverse gain modulation were
used. The equipment will deliver a peak power
of 1,000 watts at the exact radar frequency. It
would be completely automatic in operation.
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TUNED [P POWER
osCiLLATOR AMPLIFIER
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Modulation Swopt cw
Swesp Widh 3 me
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Figure 223 (5). Swept Frequency Transponder, RBlock Diagram T
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Chapter 3 (5)
TARGET VULNERABILITY

Section | (U)—Personnel

3-1. INTRODUCTION

Personnel ‘are vulnerable to numerous kill
mechaniams, the most important of which are
fragments, builets, Aechettes, blast, toxic and
bivlogical agents, and thermal and nuclear
radiation., Although personnel are vulnerable
to each of the kill mechanisms in different
wrys, the end effect is to render the individual
incapable of performing his intended function.

Fragments, bullets, and flechettes are con-
sidered as a single clasa of kill mechanism be-
cause all cause their resuits by penetration
and/or perforation. These projectiies can pene-
trate into the major body cavities and limbs to
cause damage to the critical tissues such as the
heart, lungs, and brain, etc., thus causing loss
of fine and coarse muscular coordination of the
extremities. Their effects range from immedi-
ate death, to incapacitation through loas of the
use of one or more limbg, to winor wounds
which produce liltle immediate effect, but
which can become Incapacitating if no medical
treatment is avauilable.

3-2 INCAPAGITATION CRITERIA

As defined by current lethality criteria, the
Incapacitation of & soldier refers to his inubility
to carry out his assigned duties. A soldier’s
combat duties are various and depend upon the
tactical situation as well as his military assign-
maeat. Four military tactical situations have
been chosen for defining incapacitation. These
gituations are sassult, defenss, reserve, and
supply. The ability to ses, hear, think, and
communicats {s considered as a funcamental
necessaity in all of the situations; loss of thess
abilities is assumaed to be incapacitating.

Infantry soldiers In assault asituations are
considered to require the use of their arms and

legs. The ability to run and to use both arma is
desirable, and the ability to move about and ¢o
use ab least one arm is necessary. A soldier
cannot effectively participate in an assuult if
he cannot move sbhout and if he cannot uss
hand-operated weapons, Thus, incapacitation is
defined for the assault situation.

In a defense situation a soldier's need to
move is considered minimal as long as he can
operate hand weapons. His ability to relocate
himself, slthough desirable, is not necessary to
the performance of some valuable duties.

The third situation considered is tha¢ of
troops held in r~serve close to the combat zone,
and ready to be committed to the assault or
defenaa. They are considered tc be more vul-
nerable to incapacitation than active combat
troops, because they probubly would not be
committed to action even if the wounds re-
ceived were relatively minor.

The final milltary situation is that of aupply,
which includes wehicle drivers, ammunition
handlers, and a variety of other personnel, pos-
sibly far from combat. These troons would be
hospitalized upon the loss of use of an arm or
leg, or for even less severe causes, and are
:;midend to bs vary vulnerabls to incapacita-

.

The time factor used iu the incapacitation
critoris in the length of time from the wound-
ing to the orcurvencs of lcss of muscular co-
ordination sufficient to render & man Lueffective
in performing his mission. To illustrates the
need for a time factor, consider a soldiar in &
defense position where it is not necessary that
he move about. Ha is hit in the leg by a frag-
ment which penetrates into the muscle and
savers a peripheral artery. Although he may
be limited in his ability to move, he is not con-
sideved incapacitated. However, if he has no
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medical attention the loas of blood will, in time,
prevent him from functioning effectively, and
he must then de considered a casualty.

Paycholegicul factors will have a definite ef-
fect on incapacitation and may even void the
entire organic approach. Among these factora
are the fear of the unknown, as eperienced by
“green” troops, the effect of enemy propa-
ganda, apprehension caused by personal prob-
lems, and excessive loss of mental capabilities
or of emotional stability due.to prolonged ax-
posure to physicai danger or to an abnormally
hot, cold, or wet battlefield environment. Owing
to a lack of measurement standards, these fac-
tors are not discussed in this section,

Current lethality criteria relate the effects
of wounds to the functioning of the extremi-
ties; therefore, the analyies of a soldier’s abii-
ity to carry out his mission are based primarily
on the use of the extremities. However, direct
wounds of some vital organ, such 23 sn eye or
the heart could be immediately incapacitating
for »ll military situations.

3=3. FRAGMINTS, BULLETS, AND FLECHETTES

The vulnerability of persounel to fragmenta,
bullets, and flechettes (Refs, 1 and 2) has be 1
discussed, thus far, only in relative terms; that
is, & soldier in @ given situstion is either more
or less vulnerable than another soldier in &
different situation. To discuss personnel vui-
nerabllity quantitatively, requires a mors con-
crete exprassion of what vulnerability is. The
expression now used is the conditional prob-
ability, given a hit, that the target is incapaci-
tated. This probability is based on the mass,
ares, shape, and striking velocity of the projec-
tile, because thess factors govern the depth,
size, and severity of the wound. These factors
are evalusted for various tactical situstions
and olapsed times from wounding to incapacita-
tion, as describad eariler. The experimental
procedures and the analytical means of quan-
titatively determining the conditional probabil-
ity of incapacitation by fragments is given in
Ch. 5.

Although natural or man.made cover, such
a8 trees or foxholes, has a definite influence on
the actual probebility of being hit, it has no

bearing on the conditional probability, which
assumes a hit. However, any combat clothing
(i.¢., bod; armor, helmet) reduces the striking
velocity of the projectile, and hence influences
the depth of penetration and the conditional
probability that the target is incapacicated.

34, BLAST

The vulnerability of personuel to biast is de-
pendent primarily upon the magnitude and
duration of the peak overpressure and the
transient winds (dynamic pressure) which ac-
compuny &n explosion. Blast effects may be
conveniently separated into three phases, desig-
nated primary, secondary, and tertiary (Refa,
8 and 4).

The injuries associated with primary blast
effects are directly related to the peak over-
pressure at the shock front. The arrival of the
shock front is accompanied by a sudden in-
creass in pressurs which may produce consider-
able damage to the human body by crushing,
damage to the central nervous system, heart
failcre due to direct disturbance of the heart,
suffocation caused by lung hemotrhage, dam-
age to the gastro-intestinal tract, or ruptured
eurdruma. In general, danuge is most definite
in those body regions with the greatest varia-
tion in tissue densaity and, particularly, in the
air-containing organs of the body. Use of cover
such as foxholes may not have much effect as
s protoctive measure because the reflected
shock waves usuaily magnify the overpressure
and, hence, the damage.

Secondary hlast effects are those caused by
the impact of penetrating and nonpenetrating
missiles which are propagated by the transient
winds. The effects depend on the missile veloc-
ity, mass, sizss, shaps, composition, and density,
ard on thy specific regions and tissves of the
budy Involved. The lsthality criteria associated
with this type of penetrating missils are the
same as those encountered with fragments,
bullets, and flachettes. Nonpenetrating missiles
impacted against the chest can cause early
tatalily by bilateral lung leaions vary similar
to those caused by primary biast. Skull frac-

ture, concussion, rupture and hamorrhage of
the liver and spleen, and skeletal fracture can
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result, as can crushing injuries from heavy
masies of masonry and other building ma-
tarials

The use of armor and protective equipment
serve a purpose againat secondary blast effecta
by reducing the velocity of the miasiles, thus
lowering the probability of damage.

Tertiary blast eflects are defined as damage
which ia a consequence of physical displace-
ment of the target by the shiock wave and the
transient winds. Dsmage from displacement
can be of two general types. One type involves
the separation of .a limb or other appendage
from the body. The other type results from a
total displacement of the body, with the injury
usually occurring during the decelerative phaase
of the translation. These injuries are com-
parable to those resulting from automobile and
aireraft o ‘dents, The extent of the damage
depends n the portions of the body sub-
jected tu sccalerative and decelerative loads,
the magnitude of the loads, and the ability of
the body to withstand these loads. In the case
of nuclear exploaions, the hazards of violent
impact are of considerable importance, because
of the great range and long Auration of the
blast winds,

Miscellansous effecta of blast can involve ex-
posure to ground shock, dust, temperaturs
phenomena. contact with hot dust and debris,
and conflagration heat (rom blast-produced
fires.

The nature of damage fium ground shock
concerns injuriess frum displicement, and im-
pact with heavy objects, as noted above. A
sufficlently high conceni.sation of dust, under
certain circumstances, has proved fatal simply
through deposita In, and obstruction of, the
sl airways oi the lungs. The dangw: dep. nds
upon time of expo. ure and the concentration of
appropriately sized dust particles. Thermal in-
juries involve burns from thermal radiation
and other sources (Par. 3-5).

When considering damage resulting from
blast, it Is not the rule, nor is it practical, to
coneider the injuries on the basis of only one
of the three phases. Injuries from explosions,
nuclear explosions in particular, ave caused by
& combination of all the blast damage mecha-
nluns. An example of combined blast injury

may be quotad directly from the report on the
Texas City explosion (Ref. 5).

“A man, age thirty-nine, had juat come from
loading une of the ships and was standing on
the pier facing the ship. When the explosion
occurred, he was blown into the sky so high
that he could see over a warehouse and then he
was blown laterally into the water. He did not
lose consciousness and wus able to swim to
land. The injuries sustained were perforation
of both cardrums, severe scalp lacerations,
severe lacerations of ieft upper arm with ex-
tensive infection, left ulnar (forean:) paraly-
sis, and laceration of the right foot.” All thres
damage phases were involved in this accident.
The perforation of the eardrums resultei from
the primary blast effects, and & combination of
secondary and tertiary effects caused the lacer-
ations and parnlyvsis.

3.5. FIRE AND THERMAL RADIATION

The vulnerability of personnel to fire and
thermal radistion probably can be deseribed
beat in terms of their effocts, as fiame and
flash burns, respectively. The two types of
burns can usually be dist*~guished by the char-
acteristic.profile nature . the flash burns as
compared with overall bx  ing by flame burns.
Usually flagh burns '«.. & limited to small
areas of the body not covered by shielding, such
a8 clothing. Flame burna, on the other hand,
will cover large areas of tha body, because the
clothing will catch oa fire.

The severity of flash burns will range from
miid erythems (reddening) to charring of the
outarmost layers of the skin, with the severity
being determined by the thermal energy
received and the rate ut which the energy s
delivered. With flash burns, there is no ac-
cumulation of Auid under the skiv, as there is
with fame burns. In addition, the depth of
panstration is conaiderably less than that as-
sociated with injuries caused by direct fiatoes.

The degree and type of cover that the in-
dividual affords himself wiki for the must part
delarmine the amount of burns resuiting from
thermal rudiation. Cover, bowever will not
have much eMect in reducing flame burny if the
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combustible material around the individual is
burning.

Whan fire or theriaal radiation arve the
products of bomba, the incapacitating effects of
any buri. sustainsd will be magnified becauxe
many of the medical facilities wil! be either
damaged or destroyed. As a result, medical at-
tention will not be available.

3-é. JICLOGICAL AND CHEMICAL AGENTS

Blalogical and chemical warfare agents are
designed primarily as anti-personnel agents.
Biological warfare is the military use of living
orgehisms, or their toxic products, to eause
death, disability (either temporary or perman-
ent), or damage to man, his animals, or his
crops, Chemical warfare is the military use of
toxic guses, liquids, or solids to pmduce casugl-
ties (Refs. 6 and 7).

Biological warfare agsnts are sslected to
prodvce many results, from brief but crippiing
disesse to widespread serious iliness resulting
in many deaths, depending on the effects de-

sired. Chemical warfare agents eause incapaci-

tation by choking, bicod poisoning, destruction
of the nervoua system, shock, vomiting, and
various other effects.

Due to the seriousneas of the effects, and
bocause these agents are designed primarily
fur use agninat personnel, it is sufficient to say
that personnel are vulnerable, and that the
effects depend upon the particular agent, the
concentration, and the duration of exposure.
Any undisciplined grouy, particularly without
protective gear such as masks, would be
aspeciaily vulnerable to casusalties and to panic,
with complete demoralization resulting as a
secondary effect.,

3~7. NUCLEAR RADIATION

Most effects of nuclear radiation on living
organisms depend mnot only on the total dose

absorbed, butalnmthcnteof:h.orp“.on.
and ths region and extent of the body sxposad.
However, & few ragintion phenomeus, such as
genetic effects, spparently depend only upon
the total dose received and are independent of
the rate of delivery. In other words, the datu-
age caused to the reproductive cells by radia-
tion is curnulative. In the majority of instances
the rate of delivery is the important factor;
that is, blological effect of & given total dose of
radiation decreasez as the rate of exposure
decreases. For instance, if the whole boLy were
exposed, 300 roentgens in s single dose would
have a high probability of being fata), but it
would riot cause death or have any noticeable
clinical effects if supplied evenly over a period
of 26 to 30 years.

Different portions of the bod; show different
sensitivities to vadiation, aithough there are
undoubtedly variations of degree among in-
dividuals. In general, the most radio-sensitive
parts include the lymphoid tissue, bone mar-
row, spleen, organs of reproduction, and
gestrointestinal tract. Of intermediate sensi-
tivity are the skin, lungs, kidney, and liver;
whereas muscle and full-gcrown bones are the
legat sensitive. Those parts that are the moat
radio-sensitive are not sble to replace the dam-
aged cells, or the rate of replacement is so slow
that the functional ability is impaired,

Although s large dose (450 roentgens or
greater) will generally be fatal if administered
over the whole body, the same dose received in
s small area may reault in considerable camage
to that area, but the overall health of the in-
dividua! may not be serioualy affected. One of
the reasons for this differsnce ia that when the
exposure is restricted, the unexposed regions
can contribute to the recovery of the wnjured
area. The effects of cover will, therefore, in-
fluence the amount of exposure, axd thus the
number of incapacitations.

Section I (UlmGround Vehicies

3.8, INTRODUCTION

Ground vehicles are vulnersble to a varisty
of kil mechanisms, with the most effective kill
mechanism deperding on the type of vehicle.

A custommary method of claasing vehiclas iz a--
cording to armor protection, as armored ve-
hicles or unarmored vehicles. The presence or
sheence of armor on s vehicle does not in it-
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self determine the function or battiefield role
of the vehicle, For example, a cargo-carrying
vehicle, wheeled or tracked, armored or un-
armored, has logistic support s its role.

In general, ground vehicles are vuinerable in
varying degrees to shell fragments and armor-
piercing projectiles, blast, fire, thermsl and
nuclear rudiation, shaped charges, electrenic
jemming of communications equipment, and to
any of these or other kill mechanisms which
can affect the crew. Vulnerability to fragments
and projectiles depends on the type, amount,
and obliquity of the armor (if any), and on the
mass, shape, and striking velocity of the im-
pacting projectile or fragment.

In any vehicle vulnerability assessmont the
crew must be considered as a factar. The crew
of & soft (unarmored) vehicle, unlike an air-
craft or armored vehicle crew, are not normally
considered to be & vulnerable part of the ve-
hicle, becguse replacements should be availatle
from the other parts of the vehicle convoy, On
the other hand, it might be possible to im-
mobilize an armored vehicle simply by in-
capacitating thie crew.

Nuclear weapon effects include: jnitiztion of
fires and destruction of protective coatings by
thermal radistion; crushing of external equip-
ment, and overturning by blast; and radiation
damage to organic compounds, optical elemz-ts
and electronic components. Vulnerabiliy is
vsually reluted to weapon yield, distance from
detonation, type of burst, and environmental
and terrain conditions.

Tank tracks and rutning gear, and light ve-
hicles with their cargo and crew, are vulnerable
to conventional high explosive blast. Shaped
charges can provide penstration of heavy
armor and cause damage, by the residual jet
and back spall, to internal components such as
fue), ammunition, engine, crew, steering con-
trols, aud fire comtrol equipment. Armored
vehicles (as well as otheis) are alio vulnerable
to ather specialized high explosive weapons such
aa plastic charges, whicl, when detonated on
the outer surface of the armor, cause severe
spalling of the Inner surface. The spalling
produces large numbers of high velocity frag-

ments, damaging {o crew aad intermal com-
ponents,

3=9. ARMORED VEHICLES (Rei. §)

3=4.1. General

Armored vehicles can be divided into two
basic groups: those meant to participate in the
assault phases of offensive combat, the armored
hghting vebhicle (AFV); and those intended to
participate in offensive combat, but not or-
dinarily in the assault, of which type the
armored infantry wvehicle (AIV) and the
armored self.propelled srtillery piece (A4V) .
are examples, Aasault, in this context of of-
fonsive combat, is the finsl step in the attack
during which the objective is physically over-
run and taken,

The relative amount of armor protection of
the AFV, as compared to the AIV and armored
artillery vehicle (AAV), is » distinguishing
feature because the AFV is the only vehicle
specifically designcd to defeat armor-piercing
projectiles and shaped charges.

The AIV represents s class of armored, -
tracked vehicles which is adaptable to s wide
variety of uses on the battiefieid. A few ex-
ampies are armored personnel carriers, mortar
carriers, ambulances, aud command post ve-
hicles. Increased mobility and limited protec-
tion ¢to the infantry are provided by the
armored personnel carrier type of AIV, and to
artillery weapons and crews in the case of the
AAV (Refs. 8 and 10).

3-9.3. Armered Fighting Yehicies (Ref. 11}

The AFYV is typified by the tank, which vom-
bines the favorable assuult charucteristics of
great firepower, mobility. shock action, and
armor protection. In the normal combat situa-
tion destruction of the AFV iz not required,
some degree of incapacitating damage usually
being sufficient.

As s reference basis, certain damage categor-
ies have been established for the AFV.“M”
damage will eause cousplete or partial immohili-
zation of the vehicle. “F” dumage cauges com-
plete or partial loss of the sbility of the vehicle
to fire its main armament snd machine guns.
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K" damage will causs the vehicle to be
destroyed (Ref. 12). Thess levels of damage,
cotinidered to be levels of functional impair
ment, are Jescribed fully in Ch. 6,

The vulnerability of an AFV {s vsually
thought of in terms of its resistance to perfors.
tion by armor-piercing projectiles, shell frag-
ments, and shaped chavges, and by its
structural resistance to blaat from nuclear
detonstions or HE projectiles. In sctuality, the
vehicle or its internal components may be
damaged to séme degree by mechaniams which
will not ordinarily destroy or cripple the ve-
hicle,

For example, bullet splash from amall arma
projectiles may enter small, exposed openings
and clearances. (Bullet splash is defined aa the
dispersion of finely divided or melted metal
which is produced upon the impact of a projec-
tile on armor plate or gther hard objects). The
splash pariicles kave been kmown to enter
opanings and wake two or three right-angle
turus before loaing enough energy to be non-
lethal. The air grilles of engine compartmenta
are normally susceptible to the passage of
siissh, because they are designed to allow the
sntrance of sufficient air to ool the engine.
Tha clearance around a gun shield ia still
another locatiou where splash may enter.

When the AFV is attacked with projectiles
of various calibers, it is possible for movable
componsnts to become wedged, burred, or de-
formad In such & manner that their usefuiness
is impairxd. This is termed immobilization of
the part (as contrasted with immobilization of
the compiete vehicle) . Movable components In-
cludé such itetus as hatch covers, gun shields,
complete tank turrets. and the main gun tube.

High explosive blast (or nuclear blast)
damage may be incurred in AFV armor struc-
ture, espacially where the blast effect is con-
fined. The impacting wave front will cause the
anor plate to act like a flexible membrane so
that it vibrates back and forth like a drumhead.
This same phenomenon may also be induced by
the impact of armor picrcing projectiles. The
resulting high- and low-{requancy vibrations of
the structure impose a ahock, which is a sudden
change in the motion of the system that

varies with the magnitude and duration of the
forces imposed. Even in thoss cases where the
armor structure itsslf can resist the shock,
interior components fastened to the armor
structure may be sevarely damaged. Some of
these components may even become detached
and ant as secondary micsiles. Traversing
mochanisms, control and instrument panels,
sighting systems, radios, turret bearings, and
turret traversing gear rings are all important
components that are apt to be damaged by
shock (Ret. 13),

The armor distribution of the AFV is based
upon resistance to ground attack, conseyuently
the vehicle ic more vulnerable to air attack.
Overhead srmor protection (turret top, hull
top, engine grilles) is usually considerably less
than that found on the front snd sides. Air
attack can include strafing fire from small
arms, small caliber guns (20 mm, and
U. 8 S R 23 mm and 37 mm cannons),
rockets, and aerial bombs. Actusl test data
pertaining to the vulunerability of various com-
ponents of armored vehicles, and suggested
means for reducing their vulnerability, are to
be found in Refs. 12 and 14.

A successful mesns of atiack upon the AFV
is usuzrlly not found in some ideal weapon or
kill mechanism, but rather in tha proper
tactical use of many available devices which
will exploit the weaknesses of the AFV. Some
of these weaknesses are its considerable weight,
expossd suspension and weapons, and poor
vision when buttoned-up.

Tactical defensive poaitions will be protected

small arms (bullets) and artillery firs
m:mu) employed againat the

anti-tank wespons. While buttoned.up, the ve-
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hicles are more likely to veer intc mine flelds,
where many vehicles will at least become “M"
damaged. Many of those tanks not immobilized
by mines wil! be made so by direct blast effect
from HE ahells against the vehicle suspension
system. Once the vehicle is a stationary target,
it is more likely to be hit hy direct-fire anti-
tank weapons, where an “F” or “K” kill can be
more easily accomplished. In addition, the
stowed ammunition and fuel in the vehicle pro-
vide & source of destructive energy which can
be ignitad, thereby damaging the vehicle.

3-1.3. Armered Infantry and Armored Artlilery
Vebicles

The AIV and the AAV wre provided with
limited armor protection, consistent with their
weight limitations and tactical roles. Such
armor is resistant (at some given range) to
amall srms fire of caliber .50 or less, high ex-
plosive shell fragments, and blast (up to a cer-
tain size shell as specified for the vehicle), The
AIV and AAV are generally vulnerable to any
anti-tank weapon. This includes such devices
as smal! caliber anti-tank weapons which fire
AP projectiies (U. 8. S. R. 14.5 mm, for ex-
ample), the smallest shaped charges currently
used by infantry troops, and almost any anti.
vehicle land mine.

The function of these vehicing does not re-
quire that they seek anti-tank weapons; rather,
they attempt to avoid them. For example, an
armored artillery vehicle does not normally
sncounter ensmy gun positions; therefore, its
armor is based upon providing protection only

sgainst shell fragments and some HE blast -

from counter-battery fire. Nor is the armored
infantry vehicle intended to assault noetile gun
positions. The armored infantry advance ag far

SECRESsuman:

as possible in their personnel carriers, dis-
mounting when forced to by enemy fire or when
making the final assauit upon the objective.
The vehicular weapons of the personnsl car-
rlers, either mountedwor dismounted, may then
be used to support the attack from appropriate
positions (Refs. 9 and 10). The AIV thus pro-
vides support but avoids direct fire npon itself,
bucause it is protected only by thin armor.

3-10. UNARMORED VEMICLES
The category of unarmored vehicles includes

two basgic types: those transport-type vehicles

(trucks, tractors, jeeps, etc.) which have logis-
tical support of combat forces as their primary
mission; and unarmored wheeled or tracked ve-
hicles serving as weapons carriers. Unarmored
vehicles are often referred to ag “soft" vehicles.

An unarmored vehicle is not only vulnerable
to all the kill mechanisms which can be used
against armored vehicles, but also is vulnerable
to most anti-personnel weapons (smali-caliber
ball ammunition, anti-personnel mines, many
shell fragments which cannot perforate light
armor, HE blast, etc.j. A quantitative measure
of minimum-damage vulnerability for such a
vehicle is to consider it a casualty if a part
necessary for its operation is damaged to a de-
gree which causes the vehicle to stop within a
specified time limit. Although most of the pre-
sented area of such a target, at some given
aspect, may be perforated by projectiles or
fragments without their striking a component
required for operation, some of the components
easential to operation (electrical, fuel, lubricat-
ing, and cooling system) are especially vulner-
able to impacting objects. These components
are considered to be the parts most likely to
fail under attack.

Section Il (C)—Ground Structures

3=11. (U} INTRGDUCTION

An aceyrate knowledge of the response of
structures and etructursl components tc the
various mechanisms of attack is of vital in-
terest to the structural designer, military plan-
ner, and those agencies concerned with military

and civil defense. The nature of target loading
and response, and the parmmeters goveraing
this response, are required to establish design
and damage criteris aud, hence, the vulner-
ability of the structure to a specific damage
mechanism.
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The effects of each of the possible damage

mechanisms are produced by different means. .

Therefore, any study associated with a particu-
lar class of structure must be condacted with
respect to a particular damage mechanism.
When a target is exposed to a weapon which
produces several damage mechanisms, such as
those produced by a nuclear weapon, the pos-
sible syuergistic effects are ignored bacause the
problem becomes too complieated. Only the
mechanism most effective against the particular
target is employed in the vulnerability analysis.

Although structures are vulnerable {o the
great majority of kill mechanisms, only air
blast, ground shock, and fire will be considered
in the discussion of vulnerability which follows.
These phenomena are considered as the most
probable mechanisms which will completely de-
stroy or severely damage the structure. Both
surface and subsurface structures will be con-
sidered in the discussion.

With respect to air blast, th. loading, in
magnitude and duration, and the deflection and
elasticity of the target element ave the prime
variables affecting the degree of damags. The
target size and composition influence th. load-
ing tranamitted to the structure, by making it
primatily either more susceptible o diffraction
Joading or to the dvag forces produced by the
dynamic pressures. Surfaca structures are
usually most vuinerable to air blast.

Ground shock is primarily effective against
structurcs located underground. The intensity
of the shock wave, the type of soil formation,
and the flexibility of the structure are moat sig-
nificant in determining the degrec of damage,

Structural fires are usually & secondary result
of some other damsge mechanism.{For nuclear
weapons, primary thermal radiation may pro-
duce the fires.) Nevertheless, in many cases,
the fire will spread sufficiently to cause severe
damage well outside the lethal radius of the
primary effect. The vulnerability of a structure
to fire is largely dependent upon the com-
bustibility of the building snd its contents.

Detailed information conzerning the vul-
nerability of ground structures to the above
mentioned damage mechanisms {s presented in
the following pages. Additional information on

’..

target response may be found in Ch. 7, Par.
7-17. Data related to target vuinerability an-
alysis and computation of damage probabilitier
is found in Ch. 7, Pas, 7-20,

3-12 (C) SURFACE STRUCTURES

3-12.1. (Q) Air Blast

3-12.1.). (C) Leowding

a (U) General

The loading on an object exposed to air blast
is a combination of the forces exerted by the
overpressure and the dynamic pressure of the
incident blast wave. The lgading at any point
onh a surface of a strueture can be described as
the 3um of the dynamic pressure, multiplied by
a local drag coefficient, and thie overpressure
after any initial reflactions have cleared the
structure. Since the loading changes rapidly
during the time the blast wave is reflecting
from the front surfaces and diffracting around
the structure, loading generally comprises iwo
distinct phases. They are: loading during the
initial diffraction phase (Ch. 2, Sec. IV); and
loading after the diffraction is complete, or

-drag loading (Ref. 16).

Air blasts nriginate from two sousces, namely
conventional high-explosive wespons and nu-
clear wenpons. The ioadings that result from
the two sources differ due to the differeace in
overpressures and duration of the positive
phase of the blast wave. Air blasts from con-
ventional high-explosives have relutively short
positive phases; therefore, the resulting load-
ings are more important during the difraction
phase. The considerably longer positive phasss
of the blast waves of nuclear explosions make
the resulting loadings significant during both
the diffraction and drag phases. Figure 3-1
shows the effucts of the nuclear bomb explosion
at Nagasaki.

b. (C) Loading During the Diffraction Phase

(U) A large closed structure with walls that
remain intact throughout most of the load durs-
tion is primarily semsitive during the diffrac-
tion phase, since maost of the translational load
is applied during this period. As the blast wave
strikes this type of structure, it is reflected,
creating overpressures greater than those inci-
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Figure 3=1. Area Around Ground Zero
Nagosaki, Before and After the Atomic Explosion

dent thereon. Subsequently, the reflected over-
pressurc decays to that of the blast wave. As
the blast wave progresses, it diffracts around
the structure, eventuslly exerting overpressures
on al] sides. Before the blast wave reaches the
rear face, overpressures on the front exert
tranalational forces in the direction of blast
wave propagation. After the blaat wave reaches
the rear face, the overpressures on the rear
tend to counter the overpressures on the front,
For amaller structures, the blast wave reaches
the rear face more quickly, so that the pressure
differential exists for a shorter timo. Thus, the
net transiationsl loading resulting from over-
pressurcs during the diffraction phase depends
primarily on structural dimensions, For some
structures where wall faiiurc tales place early
in the diffraction phase, only the structural
frame may remain, and essentally no
lnad is transmitted to the structural frame

413522 O-83—7

during the remainder of the diffraction
process. A Jonger durstion blast wave does not
materially change the magmitude of the net
translations! loading during the diffraction
phase, or the resulting damage. In other words,
the atructure is primarily sensitive to the peak
blast wave overpressure, Table 3-1 lists those
types of structures which are generally affected
primarily by blast wave overpressure during
the diffraction phase (Ref, 15).

¢, (C) Loading During the Drag Phass

(U) During the diffraction phase, and until
the blast wave has passed, dynamic pressures
are also exerted on structures. Dynamic pres-
sure loading is commonly referred to as drag
loading. In the case of a large, closed structure
the drag phase loading is small relative tn the
overpressure loading during the diffraction
phase, For amuller structures, the drag phase
assumes greater relative importance. For small
area components such as the frame of a struc-
ture after removal of siding, the translational
inad applied 8z a result of the drag phase is
much greater than the net transiational load-
ing from overpressures during the diffraction
phase. For frame buildings with siding re-
moved during the diffraction phase, the drag
phase is the predominant factor in producing
further damage. Likewise, for bridges the net
load during the diffraction phase is applied for
an extremely short time, but the drag phase
continues until the entire blast wave passes the
structure, Because the drag phase duration is
closely related to the duration of the blust wave
overpressure, rather than to the overall dimen-
sions of the structure, damage is dependent not
cnly on peak dynamic pressure but slso on the
duration of the positive phase of the blaat
wave. Thus, damage to this type of siructure
is dependent on wespon yield as well as peak
target loading,

(U) Table 8-2 lists those types of structures
which are sensitive primarily during the drag
phase. Some elements of a structure may he
damaged more by loading during the diffrac-
tion phaac, other elements of the same atruc.
ture may be damaged more by the drag phase.
The dimensions and orientation of a structure.
together with the number and ares of the open-
ings and the rapidity with which wall and roof
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DAMAGE TO TYPES OF STRUCTURES PRIMARILY AFFECYED BY

BLAST-WAVE OVERPRESSURE DURING THE DIFERACYION PHASE (U)

Duserigtion of Damage

Dasription of Strusture

Modernia Light

Multistory reinforced con-
crete bullding with rein-
foreed conerete walls,
blast resistant designed,
no windows, three siory.

Multistory reinforeed con-
crete building, with ¢on-
crete walls, small window
ares, fAve story.

Multistory wall-bearing
building, brick apartment
house iype, up to three
storiex

Multistory wall-bearing
ilding, monumental

type, four story,

Wood frame Juilding, house
type, one or two stories.

Qil tanka, 30 feet in height,
50 fest in diameler.
(Tanks considersd full;
more vulnerable if

wupty.)

Walls shattered, severe
frame distortion, inclyi-
ent collapse of first floor
columns.

Walls shattersd, aavere
frame distortion, incipi-
ent collapse of irst floor
columnns.

Bearing walls collapas, re
sulting in total eollapse
of structure.

Bearing wails collapse, re-
sulting in cdllapse of
structure supportad by
these walls, Some besr-
ing walls may be
shislded ¢nough by in-
tervening walls, so part
of structure may receiva
only moderate damage.

Frame shattered so that
structure is for the most
part collapsed,

Large .distortion of sides,
seams split, 30 that most
of rontents sre lost.

Walls cracked, building
dightly distorted, on.
tranceways damaged,
doors blown in or
Jammed. Some spalling

of concreta.
Exterior walls badly Windows aad doors
cracked. Interior parti- blown in. Interior

tions badly cracked or pattitions cxracked.
blown down. Structural

frame permanently dis- H
torted; spailing of con-
crete.

Exterior walls badly Windows and doors

eracked, interior parti- biown in. Interior
+ ns badly cracked or partitions cracked
vlown down,

Exterior walls facing blast Windows and doors
badly erscked, interior blown in. Interior
partitions badly cracked, partitionu erncied.
although toward far end
of building damage may
be reduced.

Windows and doors

Wall freming cracked.
blown in. Imterior

Roof badly damaged. In-

terior partitions blown partitions cracked.
"down,
Roof collapsed, sides above  Roof hadly damaged.
liquid buekied, some dis-

tortion below liquid
leve

p nels fail, deterniine which type of loading is
predominsnt in causing damage,

1212 (U] Response (Refs. 17, 18 and 19)

Structural charactcristics determining re-
sponse and damage are uitimate strength, pe-
riod of vibration, ductility, dimensions, and
mass. Ductility increases the ability of a struc-
ture to absorh energy, and increases its resiat-
ance to failure, Brittle structures, such as those
of masonry construction, have litile ductility
and fail after relatively small deflection: Duc-
tile atructures, such as steel frame b .dings,

8-10

have the abill y to withstand large and even
permanent deflections without failures (Ref. 4).
For each representaiive structural type listed
in Tables 3-1 and 8-2, structural characteris-
tics are similar enough that structures of a
given type are conzidered to respond to ap-
proximately the same degree, under idontical

loading conditions, despite a recognized vari-

ability of unknown amount for each type.
The direction of the imposed load may have

considerable effect on response. Most atrue-

tures are able to withstand much [arger verti-
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cal than horizontal loads. Consequently, they
are more resistant to 8 load imposed on the top
of a structure than to an equal losd imposed
against & side. Thus, in the early regular-

TABLE 3-2 (C).

oo [ aEe b

D

. .

reflection region, damage from the same peak
loading is likely to be less than damage to a

similar structure in the
{Ch. 4, Sec. I).

Mach reflection region

PAMAGE TO TYPES OF STRUCTURES PRIMARILY AFFECTED BY

DYNAMIC PRESSURES DURING THE DRAG PHASE (U}

Description of Demage

Deszription of Structure

. Severe

Modaratla

Light

Light steel frame industrial. ! Severe distortion of frame

building, single story,
with ap to 6-ton crane,
eapacity. Light-weight,
low-strength walls fail
quickly.

Hesvy steel frame indus-
trisl building, single
story, with 50-ton crane
capacity. Light-weight,

lowsatrength walls fail
quickly.
Multistory stesl frame office

typs building, five story.
Light-weight, low-
strength walls fail qukk-
ly.

Multistory reinforced con-
erete frame office type
building, Ave story. Light-
weight, low-strength walls
fail quickly.

Highway and railroad truss
bridges, spans of 150 feet
‘o 250 feet

Highway and railroad truss
bridges, spans of 260 feet
to 560 feet.

Floating bridges, U. 8.
Amny standsrd M-2 and
M4, random orientation.

(one-half column height
deflection).

Severe distortion of frame
{one-haif column height
deflection).

Severs frams distortion.
Inciplent colinpse of
lower floor columns.

Severs frame distortion
Incipient collapse of
lower floor columns.

Total failure of latersl
bracing, <ollapss of
bridge

Total failure of latersl
bracing, collapss of
bridge.

All anchorages torn looss,
connections between
treadways or balk and
floats twisted and torn
Inosa, many floats snk.

Some distortion of frame;
cranes, if any, not oper-
able until repairs made.

Some distortion of frams;
cranes, if any, not oper.
able until repairs made.

Frame distorted moder
ately, Interior parti-
tions blown down.

Frame distorted moder-
stely. Interior parti-
tiona blown down, Some
spalling of concrets.

Some failure of Iateral
brazing such that bridge
capacity is reduced
about 50 per eent.

Some feilure of lateral
bracing such that bridge
capacity is reduced
about G0 per cent.

Many bridle fines broken,
bridge sh

Windows and doors
blowe in. Light sid-
ing ripped off.

Windows and doors
blown in. Light sid-
iug ripped off,

Windows and doors
blown in. Light sid-
ing ripped off. Inte-
rior partitions
cratied.

Wlnduu and
wa in. Usht ald-
m‘ ripped off. Inte-
rier partitions
eracieed.

Capacity of bridge um-
~hanged. Slight dis-
tortion of some bridge
components,

of bridge un-
ehncod. Slight dis-
beidge

Earth covered light steel Total collapes of arch sec- Slight pu-mmc defor- Deformation of end
arch with 3-foot minimum tion, . mation of arch. walls, padbh e
cover {10-gauge ecorTU- trakos deor dammge.
gutad steal with 20-25 oy
fool span). :

Earth coversd light reine Tolzl eollapes. Daformation, severs cruck Crucking of panels, e
foreed concrete structures ing ‘and spalling of trancs door damage.
with 3-foot minimum cov- panals.

e (2 to 3 Inch paneh

with beams on ¢-foot ~ e

centars). ' 7_/,-"
wOIeREp -1
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In the case of earth-covered surface atruc-
tures, the esrth mounding reduces the reflec-
tion factor and improves the aerodynamic
shape of the structure, This resulis in a large
reduction in both horizontal and vertical trans-
lational forces. It is estimated that the peak
force applied to the structural elements is re-
duced by a factor of at least 2 by the addition
of earth cover. The structure is somewhat
stiffened against large deflections by the but-
tressing action of the scil, when the building
is sufficiently flexible.

Air blast is also the determining factor in
the damage to surface structures resulting
from relatively shallow underground bursts.
However, the distances from weapon burst to
target, for a given degree of damage, are re-
duced from those for a surface burst,

3-12.1.3. (C) Classificatien of Damege

& Basis of Classi n

A major factor to consider in assessing
structural damage is the effect of the damage
on continued operations within the structure.
If rugged equipment is mounted on a founda-
tion at ground level, major distortion or even
coliapse of a structure may not preclude oper-
ation of the equipment. Conversely, if the
equipment is tied in with the structural frame,
distortion of the structure may prevent or seri-
ously affect opermbility. No satisfactdry gen-
eral method has been developed for relating
damage of structures to the damage to opera-
tional equipment contained in the structures.
This relationship may be established for par-
ticular cuses of interest on an individual basis,
In general, severe structiural damage approach-
ing collapse entails a major reduction in oper-
ating capability.

b. Canventional Bomb Damage Classification

Due to the differences between conventional
and nuclear bombs, tiieir damage classificationa
are different, Since the effects of conventional
bomba are usually local on & large structure, or
around the point of burst, there are two dam-
age classificutions: “structural”; snd “super-
ficlal.” The damage deacriptions of these two
classes are similar to the last two classes for
nuclear explosions, as indicated below, In the
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case where the structure is small, the strue-
tural classification for conventional bombs may
extend into the first class listed beiow.

¢. Nuclear Bomb Damage Classification

There are three damage classifications for
nuclear explosions, described in following sub-
paragraphs. A more detailed description of the
application of these classifications to specific
targets isgiven in Tables 3-1 and 3=2 (Ref. i6).

(1) Severe Damage

That degree of structural damage which
precludes further use of a structure for the
purpose for which it is intended, without essen-
tially complete reconstruction. Requires oxten-
sive repair effort before being usable for any
purpose.

{2) Moderale Damage

That degree of atructural dumage to princi-
pal load carrying members (trusses, columns,
beams, and load carrying walls) that precludes
effective use of a structure for the purpose for
which it is intended, until major repairs are
made,

(3) Light Damage

That degree of damage which results in
broken windows, slight damage to roofing and
siding, blowing down of light interior parti-
tions, and slight cracking of curtain walls in
buildings, and as demcribed in Tables 3-1 and
3.2 for other structures,

3.12.2. {(U) Greuad Sheck

Ground shock has to be so intense in order
to cause serious damage to foundations of sur-
face structures that the damage area for these
structures is conflned closely to the crater area
of a surface or underground burst. Since the
air blaat at these ranges will be most devastat-
ing. the ground shock damage ia neglected.

3-123. (U) Fire

The vulnerability of a structure to fire is
dependent upon many factors. Some of these
factors are! the combustibility of the building
and its contents; the existance and adequacy of
fire-stop partitions, etc; the weather conditions;
ete.
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Fires caused by high-explosive and nuclear
bombs are for the moat part, except possibly in
the case of high-megaton yield nuclear wea-
pons, due to secondary blast effects. The major-
ity of such fires are caused bv the breaking
open or upsetting of tanks, drums, pipes, ovens
or furnaces containing hot or highly inflam-
mable materials, or by electrical short circuits.

In the case of the nuclear bomb, damage also
may result from thermal radiation. Primary
thermal radiatior. is seldom a factor in damage
to structures. However, since exterior and in-
terior surfaces of many structures are covered
with protective coatings (paint), these cover-
ings may be scorched at muderate leveis of
thermal radiation from the fireba!l. All strue-
tures, whether principally of steel and concrete
construction, or of wood, contain some com-
bustible materizl, and it is likely that some
kind of kindling fuels will be present. There-
fore, the possibility must slways be considered
that fire may be initiated in kindling fuels and
spread to other compozents.

Certain classes of surface structures, such as
badly weathered or rotted wooden buildings,
buildings with thatched roofs, houses with
Incquered paper windows, etc., may be ignited
by direct thermal radiation, with resultant self-
sustaining fires (Ref. 15),

313, {C) UNDERGROUND STRUCTURES

3=13.1. Alr Biost

Alr blast is the controlling factor for damage
to lightwseight soil-covered structures and shal-
low-buried underground structures. The seil
cover provides surface structures with substan-
tial protection against air biast and also with
some protection aguinst missiles.

Light-weight shallow-buried underground
structures are those constructed deep enough
for the top of the soii cover to be flush with the
original grade. However, they are not suf-
ficiontly deep for the ratio of span to depth-of-
burial to be large enough for any benefit to be
derived from scil arching. For depths of cover
up to sbout 10 feet in most soils, there is little
attenuation of the air blast presaure ag plied to
the top s rface of a shallow-buried under-
ground structure. Also, there is apparently no
ircrease in pressure exerted on the structure

due to greund shock reflection at the interface
between the soil and the top of the atructure.
Soil-covered structures are those that have &
mound of soil over the portion of the structure
that is above normal ground level. The soil

.mound reduces the blast ieNectior factor and

improves the aercdynamic shap. of the struc-
ture. This resuli: in & considerabla reduction
in the applied **anslational Iorces. An addi-
tinnal benefit of the aoil cover is the stiffening
of the atructure, or the additional inertia, that
the secil pruvides by its buttressing action,

The lateral pressures exerted on vertical
faces of a buried structure have been found to
be about 1G per cent of the pressures on the
roof in dry, silty soil. This lateral prassure is
likely to be somewhat higher in general, and
may approach 100 pur cent in & porous, mois-
ture saturated soil. The pressurcs exerted on
the bottom of a buried structure in which the
bottom slab is a structural unit integral with
the walla may be as low as 75 per cent of the
roof pressure, but may range up to 160 per cent
of that pressure.

The damage that might be suffered by a
shallow buried structure will depend on a num-
ber of variables, including the structural cher-
acteristics, the nature of the soil, the deptl. of
burial, and the downwsrd presaure (ie., the
peak overpressure) of the air blast wave (Ref.
16).

3=13.2. Ground Sheck

An underground atructure can be designed to
be practically immune to air blast, but auch
structures can be damaged or destroyed by
cratering or by ground skock dua to a near-
surface, true-surface, or an underground burst.

The mechanism of damage {0 underground
structures from ground shock and cratering is
dependent upon several more or less unrelated
variables, such as the mize, shape, flexibility,
orientation of the structure with respect to the
expll‘uaion. and the characteristics of the soil or
rock.

The criteria for damage caused by cratering
and ground shock may be described in terms of
three regions, nanaly:

1. The crater itaelf.

2. The region extending roughly out to the
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limt of the plastic zone (roughly 214
times the crater radius).

3. ‘The zone in which transient earth move-
ment occurs without measurable prma-
nent deformation.

The shock parsmeter mainly responsible for
damage has not been defined either theoreti-
cally or empirically. However, there is consider-
able evidence that the degrees of damage can
be related, without serious error, to the crater
radius, Some examples of this type of relation-
ship are given in Table 3-3 (Ref. 16). :

For purposes of eatimating earth shock dam-
age from surface or subsurface bursts, under-
ground structures are divided into various cate-
gories as follows:

1. Relatively small, highly resistant targets
in soil, This type, which includes rein-
forced concrete fortifications, can prob-
ably be damaged only by acceleration and
displacement of the structure in its en-
tivety. ’

2. Moderate size, moderately resistant tar-

gets. These targets are damaged by soil
pressure as well as acceleration and
bodily displacement,

8. Long, relatively flexible targets, These
include buried pipes and tanks, which are
likely to be damaged in regions where
large soil strains exist,

4, Orientation senasitive targets, Tarpels
such a1 gun emplacementa may be suscep~
tible to damage from amall permanent
displacements or tilting.

6. Rock tunnels. Damage {0 such targets -

from an external explosion is caused by
the tensile reflection of the shock wave
from the rock-air interface, except when
the crater breaks through into the tunnel.
Larger tunnels are more easily damaged
than smaller ones. However, no correla-
tion between damage and tunnel size or
shape ia known,

6. Large underground installations. Such
inatallations can usually ba treated as a
series of smaller structures.

TASLE 3-3 (€). DAMAGHE CRITERIA FOR UNDERGROUND STRUCTURES (U)

Siresiucre Damage  Dumage Distaney Resarke

Eelatively small, heavy, well deaigned iStnn._. 1% Recacome. Collapse. -
underground tarpets. Lighteen. ZRicanem—wn Slight tracking, severaoce of hrittle exter

buried pipelines, tanks, ote,

Relatively long, flexible targets, wuch as ’Suut...._ 1%R

Moderats... 2R..

nal connactions.

Deformation and rupturs.
Slight Jeformation und rupture.

Lighteessee 236 t08Rs-. Failure of connections. (Use higher value

for yadial orientation of eonns~tions,)

Nete, BemApparent Croter Badive

Section IV (S)——Alrcratt

314, (U} INTRODUCTION

Aircraft vulnerability concerns the many
factors which determine the abllity of an air-

eraft to withstand combat damage. In particu- -

lar, it indicates the means for Improving the
chances for survival of aireraft in battle and,
by inference, indicates weapons which show the
greatest promise of inflicting critical damage
on an sircraft. Thus, alrcraft vulnerabllity
and weapon lethality are closely interrelated
subjects of comparable importancs; they are

the defeanive and offensive aspocts of the same
phenomena. It is the expressed desire of the
procuring agencies for manned military alr
eraft to incorporate the primciple of minimum
vulnerability in new design concepts, within the
Lmitations of the overall design requirements.

3=18. () BASIC CONSIDERATIONS
3-18.1. (C] iniHal Siudiss of Alrcreéi
Vulagrability
Prior to 1939, consideration of aireraft in
terma of target vulnerability and weapon lethal-
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ity received little coordinated study. The re-
sults of this neglect soon became evident when
battle experience was gained, but it was then
found that any major design changes needed to
reduce the vulnerability of aircraft were not
easily introduecd into the production line, and
were consequently late appearing in service
aireraft. Considerable loases were undoubtedly
suffered due ‘o the late introduction of such
changes.

Shurtly after World War II, a firing program
(Rof. 20) was initiated at the Ballistic Re-
search Laboratories {BRL), Aberdeen Proving
Ground, Maryland, in order to determine the
vulnerability of sircraft and their components
to various sircraft weapons, This effort, based
in part on work by the New Mexico Institute of
Mininz and Technology, under contract io the
Bureau of Ordnance, was supplemented by &
progress report (Ref. 21) relating to the two
complementary sspects of the so-called “Opti-
mum Caliber Program.” The objects of this
program were: first, to determine the probabil-
ity that a single round of existing ammunition
strik’'ng an airplane would catse a certain level
of damage; and, second, to Rssess the oversll
effectiveness of complete armament installa-
tions, with the object of indicating the answer
to the whole problem of what armament should
be carried by aircraft to meet varivus tactical
situations. The report of this work represents
the beginning of a considerable amount of
literature available on the subject of aircraft
vulnerability and, in particular, the subject of
atreraft “terminal vuinerability.”

3=15.2. (C] Vulserubility Dafnitions

(U) The word “vulnerability.” as it apj.esrs
in the literature, has two comimon usages.
Vulnersbility in the overall or “sttrition
senge” is the susceptibilivy of an item to dam-
age, which ineludes the considerations of avoid-
ing being hit. Vulnerability in the restricted or
“terminal sense,” s the susceptibility of an
item to damage, assuming that it has been hit
by one or severa! damaging agents, Therefcre,
the probabllity of obtaining a kill on an alr.
craft target is found equal to the probability
of obtaining & hit times the probability that

the hit results in a kil (Ref. 22). This
chapter conaiders only the latter factor, or the
lerminal ballistic vulnersbility of aireraf®,

(C) The chance of survival of an aircraft in
bettle is infuenced by many factors, including
its flight performance and maneuverability, ity
defensive armament and offezsive equipment,
and the skill and morale of its crew. The term:
aircraft vulnerability, however, is restricted
in meaning. It is commonly used to refer to the
extent to which an aircraft ia likely to suffer
certain specifisd categories of damage, when
the weapon used to sttack it either strikes the
sircraft or bursts in some desired zor.e around
it.

3-153. (C} Vuinerahility Fecters

The major factors which influence the chance
of aurvival of an sircraft are in most instances
the inherent safety (or invulnerability) of the
airframe and components, which together make
up the basic wircraft, and the efficiency of any
protective devices with which it may be fitted,
Evidence on these factors can uwually be
obtrined by experiment. When this evidence
is related to an attack of a specified nature and
from a specified direction, it forms the usual
besis of sircraft vulnerability wasessmente.
The vulnerability of components such as the
power plants can be sasessed separstely in a
similar manner, and can be included in an over-
all assessment. Care must be exercised in
making the oversll sasessment, however, be-
cause the individual damage effact amy be
quite different from the overall effects, For
example, in the case of a single-seated aircraft,
100 per cent probability of lethal injury to the
pilot will give a similar probabiiity for the loas
of the system; whereas, damage which is 100
per cent lethal to one engine of a four-engine
sircraft may not be lethal to the entire aireraft.
These individual components are usually re-
ferred to as singly and multiply vulnerable,
which terms ave discuased in Ch. 8, Par, 8-22,

It is useful st this polut to define two terms
which are used in the collection and analysis
of aircraft target vulnerability (Ch. 8, Par.
8-22). Presented Area: the ares of the projec-
tion of the configuration of a given component
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upon a plane perpendicular to the line of flight
of the attacking projectile or warhead.
Vulnerable Area: the product of the presented
area and the conditional probability of a kill
for & random hit on the presented area. (It is
assumed that sll projectiles approach the
presented area on parallel paths,)

3=154, (C) Use of the Empirical Approach

A syr )esis of the vulnerability character-
istics of aircraft targets is based mainly on
empirical relationships for the vulnerability of
the major aircraft components. A large part
of these data are obtained from. firings agaiust
aireraft conducted at the various proving
grounds, These include firings of selected
weights of bare and cased charges about, in
contact with, and within aircraft structures,
filled fuel tanks, and both reciprocating and jet
engines; also the firing against all major air-
craft components by various projectiles. Dam-
age caused in field Arings against aircraft is
assessed by qualified military or civilian per-
sonnel (sometimes in comjunction with the
manufacturer), who prepare a detail descrip-
tion of the damage in addition to numerical
estimates for the various damage categories.

This empirical approach is subject to strong
economic and humsne restrictions and limita-
tiohis; as & result, the test aircraft is usually
on the ground with no personnel aboard. (The
effects of altitude and wserodynamic and
inertial forces on the airframe are ususlly
estimated.) Firing trials may be made against
stressed structursl mombers, against engines
running under cruising conditions, or against
canopies which are subject to realistic condi-
tions of tempersture and pressure. In-flight
vulnerabllity investigations are naturally diffi-
cult to stage, but are sometimes essentinl. An
example is the investigation of the probability
of causing dres in the fuel systems, at aititudes
which demand conditions uf air temperature,
alr density, and high-speed air flow not eaally
reproduced simultanecusly on the ground. An
additional limitation on this empirical ap-
proach is that the sample sizes obtained are
usually small, restrictions on the sample size
being especially stringent for the more recent
alveraft.

The test aircraft may thep be considered as
collections of components, rather than as
entities in themselves. Since the “aircraft of
the future” that sre under gtudy are composed
of structures, tuel cells, or engines physically
similar to corresponding components in the teat
aircraft, the information obtsined can be ap-
plied directly in some cases, with due correc-
tion for chunges in areas and physical arrange-
ments.

3~15.5. (C) Damage Categerries

In order to classify damage effects, severa!
kill or damage categoris are in common use,
as follows:

KK  The aircraft disintegrates immedi-
ately after being hit (in addition,
denotes complete defeat of its at-
tack).

K The aircrafi falls out of control im-
mediately, without any reasonable
doubt (usually specified as 1/2 min-
ute, oi less),

A The aircraft falls out of control
within 5 minutes.

B  ‘The aireraft will fail to return to its
base, This is commonly taken as be-
ing 1 hour away for a jet, or 2 hours
away for a piston-type engine air-
craft.

C  The asircraft does not complete its
mission after being hit.

E The aircraft could complete its mis-
sion after heing hit, but is damaged
to the extent of not being able to
go on the next scheduled mission
(usually denotes a bad crash on land-
ing).

It is important o note thut in order to assess
B or C dumage, it is neceasary to define the mis-
sion on which the sircraft fs wngaged. Fre-
quently in the literature, the K and EK
categories are grouped as sub-categories under
the A-damage assesament. In addition, refer-
ence is sometimes made to an R-damage
category, which is “detectable by radar facili-
ties” For the most part, damage is usually
assessed in the K, A, and C categories,
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3=15.6. {C) Damoge Assessment

In tests on aircraft vulperability, a basic
method of determining the degree of damage is
by assessment, After a test aircraft is dam-
aged, assessors are asked to estimate the
probability that the damage produced would
incapacitate the aircraft to a specified degree
{damage category) assuming a certain mission,

crew reaction, etc. Thus, an assessment of 9,0,

0, 0 may be given for A, B, C, and E categories,
respectively, meaning that the damage would
not cause a crash within 2 hours, would not

interfere with the mission, and would not cause *

a crash on janding. An assessment of 0, 100,
0, 0 means that the assessors believe that the
damage would cause a crash within 2 hours,
although not within 6 minutes. For example,
such an assessment may be made for damage
causing oil loss to the engine of & single piston-
engine aircraft. To enable the assessors to
express their uncertainty as to the cutcome of
damage, intermediate numbers between 0 and
100 are used. Thus, a 20A assessment means
that the assessor is inclinted to believe that the

damage would tiot result in a crash within &
" ‘can effect aireraft kills. Some of these are given

minutes, althongh he is not sure of thi.
Wherever possible, independent assessments of
the same dams.ge are obtained from two or more
assessors. Detailed descriptions of the conduct
of the field trials and of the assessment pro-
cedure are provided in the many BEL reports
dealing with enalyses of firing data. (A and B
assessments, made for damage to the engine of
a multi-engined aircraft, refer to the ability of
that engine to deliver power, rather than to &
crash.)

A comment of iuterest on the assessment pro-
cedures has been made by Arthur Stein, for-
meriy of BRL (Ref. 20).

~4«It will be noted that the numbers used to

" describe the various categories of damage are
described as probabilities often written as per-
centages. Strictly speaking, however, this is not
correct, since the particular damage suffered by
the aircraft will generally either cause a crash
o; it will not In the stated interval of time,
23suming a set of standard conditiona under
which the ircraft is operating. The numerical
assessment, therefore, chiefly represents the un-

certainty of the assessor as to whether the dam-
sge would result in a kill or not. If the
individual assessment is 204, for example, the
asgessment is in error by 20 par cent or 80 per
cent, since the damage would actuslly have
produced a kill or no kill within & minutes. If
assessments are not biased, however, the ex-
pected value of many such assessments on
vavious parts of the plane would be the correct
vilue and in the ‘long run’ one would arrive at
a ccrrect value for the vulnerability of the
plane. The parameters of the error distribution
can be estimated if one has & large number of
cases in which the same damage has been as-
sessed independently by different assessors.
Such information would also yleld information
a8 to the assessibility of various aircraft com-
ponents.”

It must be strongly emphasized that assess-
ment represents the basic measure of aircraft
terminal vulnerability.

3-15.7. {C] Categories of Associated Date

3-15.7.1. (C) Modes of Damage
There ate numerous modes of damage which

in the following list:

1. The detonation of the aircraft bomb load.

2. The killing of a suficient number of easen-
tial crew membere. ’

3. The ignition of a lethal fire.

4. T.Ilekiluncoflsum&ntnumherofen-
gines,

5. Lethal damage to the airframe.

6. Lethal damage to the armament syvstem.

3-15.7.2 (C) Typica! C-Demege Facters

The word lethal, as used in the above para-
graph, implies that only a spacified category of
kill results, and does aot imply any fixed degree
of damage severity. It shouid also b noted that
the determination of what constitutes a kill, in
a given situation, can often require the use of
simplifying assumptions for a feasible analysis
procedure. For example, listed below are some
of the factors to be considered in a typical C
damage situation:

1. Aircraft position along the flight profile

at the time damage occurs.
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2. The assigned missfon of the particulsr
aircraft,

3. The crew (mumber, skill, indlvidual
spocialties, and determination to complete
the niission).

4. Ttem(s) damaged.

5. Alternate equipment available.

6. Type and intensity of enemy action.

3=15.7.3. (U) Sigalfican? Aircratt Compononts
In determining aircraft vulnerability, the air-
craft may be defined by the sum of the follow-
ing components, which in turn include sub-
componenta:
1. Airframe,
a. Structure (Fig. 3-2).
b. Controls (flight).
Fual aystem,
Power plant.
Personnel (only crew nece ary for mis-
sion).
Armament system.

o0

&=

€. Miscellaneous (tires, flaps, etc.).

3.18.74. (C) Demaging Agents

The many different types of damaging agents
in use against aircraft can be placed under
three basic categories of armament:

UNCLASS\HED

1. Exteraal blast weapons,
a. Conventional rounds.
b, Nuclear rounds (including thermal
and nuclear radiation).
2. Direct contact weapons.
& Bullets: armor-piercing (AP) and
armor-piercing incendiaries (API).
b. Shells: high explosives ({HE) and high-
explosive incendiaries (HEI).
¢. Fragments: shaped charges, rods, etz
3. Fragmentation/blast weapons (controlled
fragmentation burst combined with & high
explosive charge).

3.15.7.5. (C) Relative Vuinerebliity of
Compenests
Although no such listing can be coneet inall
cases, Tabis 3-4 affords a general ideg of the
terminal wvulnerability of the various com-
ponents to the several (non-nuclear) damaging
agents (Refu. 28 and 24).

314 (S) AIRCRAFT BY TYPE ANE LOCATION

3161, (U] General

The vulnerability of an mircrafi target as an
antity (in contrast to the test aircraft which
were considered as collections of components)
depends upon the location and type of aireraft
target. Normally the aircraft is-in flight, but
when parked it may become a ground target.
Alreraft may be further defined by two general
types, combat and non-combat, with various

TABLE 3-4 (C). RELATIVE YULNERABILITY OF AIRCRAFT COMPONENTS (U}

Power Mast
Puol ‘l"'_‘
Torasanel Sevies o Alrfrunse oy
Incandisry bullets  High Uncertain  Moderate Low Nagligible High
HC & HEI shalls High Uncertain  High High Varies Kigh
Fragoants & wou-
hl-dhﬂhl"l:tl High Unesrtals  Modersis Low Negligible Modarate
Hods High Uneartain  High High High High
Externa! bisst Nagligible Nogligible  Negligitle = Negligihle Moderate to high  Moderate
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classes of sircraft falling into these two cate-
gories according to their mission or function.
A corollary grouping is in terms of thy fixed-
wing, the rotary-wing (helicopter), the new
STOL {short takeuff and landing), snd new
VTOL (vertical take off and landing) types of
aireraft.

3162 ($] Alrcraft in Might

=141.1. (3] Combat Alrcrett

(U) Combat aircraft are generally classed
as bomber, fighter, or attack aircraft, depend-

ing pritnarily on the mission of the aircraft,
and to a leaser degree an the design configura-
tion. World War 1I aircraft were characterized
within these classes by sige, weight, and speed;
but the character of later day aireraft are such
that these characteristics are not as cobvious.
An excellent source of physical deta on the
characteristics of aireraft is Jane's Al the
World'a Airevaft (Ref. 25).

(S) The greatest combut risk to a bomber
force during the past few years has been from
fighters aymed either with 20- to 40-mm cannon
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or with small (2- to 3-inch} unguided rockets;
the attacks being almost wholly from the rear
or off by smail angles. The projectiles have
usually baan impact-fused explosive or ex-
plosive/incondisry types.

(S) An aircraft is likely to suffer severe
structural damage if hit by a small rocket; and
with either cannon or rocket there wiil be a
high probability of damage to fuci aystems and
nower plant, with a corresponding chance of
delayed kill.

{5) With the 2- to 3-inch rocket, tha struc-
tural and mechanical damuge (internal blast)
from a hit is likely to be so great that the pos-
sible additional effects due to five need scarcely
be considered. Incendiary effects from tne
amall, gun-fired shell could be very severe, and
would depend largely on the type of fue] system
used.

(S) Both surface-to-air and air-to-air guided
missiles are now available in addition to the
conventional fighter weapons just mentioned. If
the guided mimsile warheads are of the large,
biast type, atructural damage can result. For
the fragmenting type warheads, there will be a
large increase in the vulnerability of the pilots
of the bomber, a high probability of leakage
from fuel tanks, damage of radar equipment,
and possibly a high fire risk, due to the high-
velocity fragmentation given by the warhead.

{S) The main combat hazards to the fighter
have been the attack from ahead by bomber
return fire, and the attack from the rear by
enemy fighters, Missiles in either case have
been axplosive shella from aireraft cannon, or
small rockets. Hits against high performance
jet fighters are likely to cause severe structural
damage, engine failure, or pilot injury. Even
superficial damage at the time of hit can result
in a lethal situation, subsequently, due to a
high-g maneuver such as LABS (Low Altitude
Bombing System). Owing to the rapid changes
in altitude by the fighter during combat, there
may be difficulty in maintaining an inert at-
mosphers (purging) above the fuel in the
tanks, and unless new methods are employed
there wil! be a risk of fuel tank explosion and
fire. The introduction of guided missile war-
heads with hlast and fragmentation effects now
produce the posaibility of structural damage to

D

the fighter by external blagt, in addition to in-
creaning pilot vulnerability and ths risk of fire
due to high velucity fragments.

(S) The main risk to attack aircraft has
been from ground or ship weapons (mainly
conventionsl, guns and rockets) firing impact
fuzed explosive projzctiles of up to about 3
inches, and from small arms fire with either
armor-piercing or incendiary bullets. The dam-
age eifects will be generally similar to those de-
scribed for the fighter aircraft, but the em-
phasis will be mainly on attacks from the front
hemisphere. Wartime evidence has indicated
the mportance, to aircraft engaged ~n ground-
attack missions, of self-sealing protecticn for
fuel tanks and armor protection for pilots and
items such as oil coo’ers. The vaiue of such
equipmeat is, howaver, a subject of great de-
bate. Small surface-to-air missile weapcns pre-
sently in development will create an additional
threat to attack aircraft at low altitudes.

(C) It is possible during the time of war to
obtain a fair indication of the vulnersbility
chargcteristics of military aircraft, and the fre-
quency and effects of different types of combat
damege, by making detailed investigations of
&ir casualties in action. From this evidence, it
is posuible to determine the main causes of
enemy and friendly loases in air warfare, and
the relative vulnerability of the various purtn
of each aircraft.

(S) Evidence of the causes of alrcraft losses
in World War II was gathered by the British
Operational Research Sections attached to the
Royal Air Force and the United States Army
Alr Force (Ref. 23). For example, it was found
that the Bomber Command’s losses in night
operations during the latter part of the war
were caused approximately aa follows:

1, 75 per cent by fighter attack.

2. 20 per cent by antiaireraft gunfire.

8. § par cent by accidents, including naviga-
tional errors, collisions, fuel shertage, en-
gine failure, etc.

Of these bomber loases due to enemy action, by
far the greutest number either resulted from
fire or suffered fire as a secondary effect.

(8) From the best evidence available, it is
estimated that the sigmificantlv vulnerable
parts of the bomber are:

8.20 _
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1. Engines (piston type)—by mechanical

damage and fire.

2. Fuel systems—by fire, internal explosion,

or losa of fuel

3. Flight control systems &nd surfaces—by

mechanical damage from multiple hits
causing break-up and loss of control,

4. Hydrsulic and electrical services—mainly

by fire,

5. Bomba and pyrotechnic stores—by ex-

plosion or fire.

6. Pilots—by incapacitation (an infrequent

cause of loas).

(S) For the single-engined fighter types, the
order of vulnerability due specifically to light
anti-aireraft fire from the gr~und was esti-
mated to be:

1. Engine--by mechanical damage and fire.

2. Pilot—by injury or death.

3. Fuel syatem—=by losa of fuel or fire.
Although fire is not stated a& the major ris!
because the damage would generally cause los:
whether combined with fire or not, a substan.
tial proportion of the losses was undoubtedly
accompanied by fire. In air-to-air engagemants,
the single-engined fighter was believed to be
mosat frequently destroyed by the cumulative
affects of multiple hits on the structure and
main flight control surfacea.

(S) Information fromn air operations in the
Korean war has been amall as regards evidence
on causes of Josses in combat. This appears to
be due to the small percentage of actusl lusses
caused by enemy action, and to the over-
whelming emphasis on ground-attack sorties
by the air forces of the United Nations. How-
ever, there is some evidence, obteined by the
United States Air Force, from which the fol-
lowing facts appear to emerge. Based on com-
bat hours of duty, and for the same type of
ground-attack mission, the single-engined jet
ajreraft receives only about 50 per cent as
many hits from anti-aircraft projectiles (bul-
lets or amall ghells) as the single-engined pls-
ton aireraft. This difference in the number of
hits appears to be related to the different
tactics employed during the dive and pullout.
For example, the jet alreraft attacks at a much
higher speed and thus spends far less time

than the piston aircraft at altitudes subjected
to accurate gunfire. When hit, the piaton air-
craft is 60 per cant more likely to be lost than
the jet aircraft. A Jarge moportioa of the vul-
nerability of the piston aireraft csn be at-
tributed to the vainerability of its engine oil
coolers. These abgervations relate only to the
particular conditions and particular types of
attacking projectilea (now poasibly outdated)
which were encountered by the United Nations’
forcea in Korea.

(S) The actual vulnerability of any poten-
tially vulnerable part of an aireraft depends to
a great extent on its avea of presentation. For
example, a medium-range, four-engined bomber
with gross weight of about 120,000 pounds
may have an average presented area of 1,609
square feet. The zverage areas of some of the
potentially vulnerable components might be
approximately as follows:

1. Structure (including fuel tanks)-~1,200

square feet (80%).
2. Fuel with tanks at %4 capacity—340
square feet (23%),

8. Pressure Cabin—I130 square feet (9%).

4. Power plants—90 square feet (6%).

6. Pilot—7 square fedt (14%).

It will be seen that the structure is by far the
largest of the potentially wuinerable items,
while the fuel tanks, pressure cabin, aud power
plants also present relatively large areas, For
the long range bomber of the near future, the
fuel may have a considerably larger presented
area than the value just quoted.

(C) Alrcraft in flight are relatively vulner-
able to the blast and thermal effects of nuclear
detonations. Since alreraft are designed within
narrow limits for flight and landing loads, the
structure can withstand only small additional
loads imposed by weapon effects. Blust over-
pressure, on atriking an aircraft surface, may
cause dishing of panels -and buckling of
stiffeners and stringers. On the side stxruck
by the blast wave the pressurs is increased,
above the incident intensity, by reflection, and
s diffractive force of short duration is gen-
erated. As the wings, empennage, and fuselage
are completely enveioped by the bidst, further
dishing snd buckling of skins and structure
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may result from the crushing effect of the dif-
ferential pressure between the outside and in-
side of the aircraft components. Additionsl
damaging loads are also developed by the par-
ticle velocity accompanying the blast wave, The
particle velocity results in drag loading in the
direction of the wave propagation (ususily
termed “gust losding” with reference to air-
craft). The duration of the guat loading is
many times that of the (.Xractive loading, and
it develops bending, shear, and torsion stresses
in the airfoil and fuselage structures. These
are usually the major stresses on an aircraft in

flight.

{C) The weapon thermal energy which is
absorbed by aireraft components can also pro-
duce damaging effects, Very thin skins are
rapidly heated to damaging temperatures by
expusure to the short-period thermal flux, be-
cause the energy is sbsorbed by the skin so
much more rupidly than it can be dissipated by
conduction and convective cooling. Exposed
fabric, rubber, and similar materials with low
ignition and charving temperatures, are vulner-
able items which may also initiate extenasive
fire damage &t even very low levels of radiant
expasure, In recent years, designers of military
aircraft have reduced aircraft vulnerability to
thermal effects by coating thin-skinned ma.
terisls with low sbsorptivity paints, by elimi-
nating ignitable wmaterials from exposed sur-
faces, and by substitution of thicker skins for
very thin skins. With these protective mess.
ures and design modifications, aircraf{t can be
safely exposed at radiant exposure levels sev-
oral times those which formerly caused serious

damage.

318622 (U} Non-combot Aircrelt

Non-combat aireraff include the following
types: cargo, transport, utility, and observation
and reconnalgsance. The latter two types are
often converted combat aircraft. These aircraft
are characterized by thelr fumction, size, and
speed, and by the type of their construction,
which is a conventional, World-War-II type of
design. This is & semi-monocoque fuselage aad
full cantilever wings with a stressed aluminum
slkdn, The collection of terminal ballistic vul-
nerability data for this type of aircraft has

angCRET——"

. received little specialized attention in the past.

However, because most of the testing on combat
sireraft has been with targets reflecting this
type of conatruction, there is in fact conaider-
ablo information available for those who may
be interested.

3=16.2.3. (C) Rotary Wing and Other Aircrafi

(U) 1t is necessary to distinguish rotsry-
wing (helicopter) aireraft from conventional
fixed-wing aircraft, and also the new STOL and
VTOL vehicles. The vulnerability of rotary-
wing aircraft is similar in many respects to the
fixed-wing aireraft, but the following items may
not be similar and require individual attention:

1. Relative locution of fuel, and personnel.

2. Complex control system.

3. Rotor drive system and gear boxes,

4. Main and tail rotor blades.

b. Unconventional airframe (slender (ail

cone, efc,).

{C) Firing tests have been conducted at the
Wright Air Development Center (WADC)
againat rotor blades, using caliber .30 and cali-
ber . 0 projectiles. The blades were fired on 80
as to obtain damage to the structural or spar
portivn of the blade and then whirl-tested to
determine the effects of damage. The damage
caused by these projectiles was found not to be
serious. This agrees with Korean combat re-
sults, which show that small caliber holes in
portionr of the blades are nof serious. How-
ever, a perforation by a larger projectila, such
as a 37-mm AP or HE projectile, could cause
the Joas of a blade, which would be most serious.

(C) The problem of the vulnerability of low
flying aircraft in the forward area has recently
heen given hicher priority by the Army, due to
new tactics and organizations developed by the

Army, new reconnaissancs drones and aireraft-

being developed by the Signal Corps, snd new
STOL and VTOL vehicles being studied for sir
transport by the Transportation Corps. Because
of the miasile threat at medium and high alti-
tudes, moat Army air tactica envision low flying
aircratt. In the region below 500 feet, light
armas (40-mm AA, and smaller caliber) will be
a threat to thesa aircraft in forward areas. In
the near future, small surface to-air weapons
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now in development may be included. Vulner-
ability teating for these apecial-purpose sireraft
has been initiated.

3=14.3. (C} Parked Aircraft

(U) Considerable interest hrs been shown in
tho vulnerability of parked aircraft in the
vicinity of a nuclear air biagt. Nuclear weapon
iests have included parked aircraft placed at
various locations and orientations with respect
to the burst point.

(C) The diffraction phase loading and the
drag phase loading have varying relative im-
portance in producing damage to parked air-
craft. In general, the diffraction phase is of
primary importance in the zones of light and
moderate damage, In the zone of severe dam-
age, the drag phase assumes miore importance.
Orientation of the aircraft with respect to the
point of burst affects vulaersbility considerably.
With the nose of the aircraft directed toward
the burst, higher weapon-effects inputa can be
absorbed without damage than for any other
orientation. The longer duration of the positive
phase of the blast from a large yield weapon
may result in some increase in damage over that
expected from small yields at the same over-
pressure level. Thia incresse is lkely to be
significant st input levels producing severc
daage, but is not likely to be importaxt at the

levels of moderate and light damage. Experi-
ments have shown that revetments provide only
slight shielding against blast overpressure, and
under some conditions reflected preasures
within the revetment are higher than cor-
responding incident pressures. Revetments do
provide significant shielding from damage due
to flying debris born by the blast vave.

{C) Aircraft properly prepared with reflec-
tive paint, and with all vulonerable materials
shialded from direct thermal radiation, will not
be damaged by thermal inputs at distances
where damage from blast inputs is not severe.
Aircraft not so prepared may sustain serious
damage at very low thermal levels, as a result of
ignition of itema such as fabric-covered control
surfaces, rubber and fabric seals, cushions, and
headrest covers. Aircraft painted with dark
paint are especially vulnerable to thermal radia-
tion damage, because the dark painted surfacea
absorb thressto-four times the thermal energy
that is absorbed by polished aluminum surfaces
or surfaces protecled with reflective paint.
Temporary emergency shislding such s that
provided by trees, buildings, embankmenta, or
similar barriers may be useful for thermal
protection of unprepared aircraft, but any of
these may increase the blast damage by adding
to the flying debris or by multiple nﬂecﬂon of
incident overpressiures.
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Chaupter 4 (S)

COLLECTION AND ANALYSIS OF DATA
CONCERNING KILL MECHANISMS

Section | (5. =Blast

4-1. (U) INTRODUCTION

4-1,1, Scope of the Section

This section covers the collection and analy-
sis of data involving blast waves a8 a kill
mechanism. Separate paragraphs discuss both
quantitatively and qualitatively the various
parameters associated with air, aurface, and
subsurface blasts from conventional high ex-
plosives (chemical explosives) and nuclear ex-
plosions. In additional paragraphs are dis-
cussed the effects of mechanical factors on
blast, and methods of blast instrumentatirn.
In general, the bulk of the material will apply
to blast waves produced by either conventional
or nuclear explosions. In certain areas, how-
ever, the discussion will emphasize the particu-
lar features of the blast wave produced by
nuclear explosions.

4=1.2. Comparisen of Conventisnal and Nuclear
Explosiens

The primary differences between the con-
ventional (HE) explosion and a nuclear explo-
sion (setting aside from the presant gubject the
radiation effects) is that the energy from
nuclear explosiona is developed in a much
smaller space, and the temperatures developed
are approximately 10,000 times higher, As s
result, there is ax almost instantancous releass
of epsrgy in the nuclear explosion. Conse-
quently, the nuclear explosion may be con-
sidered more nearly s point source of energy.
permitting simplifiad analytical solutions to the
equations of motion.

Other differences between conventional and
auclear explosions concern blast pressures and
snergy vield. The pressure at amall distances

41352 O-83-8

from. ground zero is higher for nuclear than for
conventional explosions ; but at large distances
the reverse is true. The much greater enorgy
yield of a nuclear explosion makea a qualitative
difference in the effacts, For instance, the
duration of the blust produced by an atomic
bortb {s longer than the characteristic vibration
periods of most structures which can be
destroyed. Therefore, the criterion for estimat-
ing the damage to structures by nuclear bombs
is ususily the peak overpressyre or the peak
drag pressure, rather than the impuise, which
ia the commonly usad criterion for EE bombs.

4=1.3. Cress-Referouce lafarmation

The general discussion of tha mechauisms
of blast and ground shock in Ch. 2, Secs. IV
and V, respectivaly, should be read for intro-
ductory purposes. In Ch. 8, each of the various
sections includea information on the vulnarabil.
ity of specific typms of targets fo blast
phenomena. Reference should be made to
each of the chapters of Part Two for informa-
tion on the collection aLd analysis of biast data
as applied to specific types of targets.

4-2. (S) AIR BURST
4-2.1. (U] lstreductior,

Most of the damage resulting from a high
explosive or nuclear explosion sir burst Is due,
either directly or indirecily, to the blast wave
(shock wave) which accompaniez the explosion.
Mot structures will suffer some degres of
dumags when subjected to pressures in excess
of the standard aimospheric prossure {over-
pressure). The distance from the point of
detonation to which damaging overpruss'ves
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will extend is dependent on the energy yield of
the weapon and the height of burst. In con-
sidering the destructive effect of & blast wave,
2 i3 important to study, in some detall, the
various phenomena associated with the passage
of the wave through the atmosphere.

4a2.2. (U) Description of the Blast Wave

4=2.2.1. Ovarpressire

The expansion of the intensely hot gases at
high pressure causes a blast wave to form and
move outward at high velocity. The pressures
in this wave sre highest at the moving front
and fall off towr»" *he interior region of the
explosion. Int' very early stages of the blast
wave movement, the pressure v: 1 with
distance from the point of detonativ. is some-
what as illustrated in Fig. 4-1.

As the blast wave travels in the air away
from its source, tha overpressure at the front
steadily decreases, and the pressure bx  ad the
front falls off in a regular manner. Afier a
short time, the pressure behind the front drops
below the surrounding stmospheric pressure
and the negative phase of the blast wave is
formed. The variation of overpressure js shown
in Fig. 4-2 for six successive instants of time,
indicated by the numbers t,, t,, t., etc.

During the negative cverpressure (rarefac-
tion, or suction) phase, a partial vacuum ie
produced and the air is sucked in instead of

Podk Overpressurs

Shock Fromt ——s

OVERPRESSURE IN THE
FIREBALL

DISTANCE FROM EXPLOSION
CENTER

Figure d=1. Overpressure vs Distonce,
Eorly Stages of Blawt Wave

OVERPRESSURE

DISTANCE FROM DETONATION
Figure 4=2. Voriation of Overpressure With Time

being pushed away. This means that during
the positive (compression) phase, the winds
flow away from the explosion; but in the nega-
tive phase, the direction iy reversed and the
winds flow toward the explosion. However, the
peak values of the negative overpressure are
usually small compared to the overpressures
generated during the positive phase. At the
end of the negative phase, the pressure has
essentially returned to ambient conditions
(Ref. 1),

Fig. 4-8 illustrates how overpressure varies
with time at a given point. The corresponding
general effects to be expected on a light struc-
ture, a tree, and a small animal are indicated,
For a short interval after detonation there is no

,increase in pressure because the blast front

{shock front) has not yet reached the target.
When the shock front arrives, the pressure
suddenly increases to & large maximum (the
peak overpressure), and a strong wind come
maences to blow away from the explosion, The
velocity of the wind decreases rapidly with
time; therefore, it is generally referred to as
s transient wind. Following the arrival of the
shock front, the pressure falls rapidly, and
shertly returns to the ambicat condition. At
this point, although the overpressure Is zero,
the wind still continues in the same direction
for a short time. The interval from the arrival
of the shock front to the return to ambient
prassure is roughly one.half second tc one
second for a 20-kiloton (KT) explosion, and
two to four seconds for a 1-megaton (MT) ex-
plosion. It is during this period that most of
the destructive action of the air burst is ex-

parienced.
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Figure 4=3. Variction of Biast Wove With Time, at a Given Poiat, and Comespondhig
Eftect of Blost Wave Passing Over a Struciure

As the pressure of the blast wave continues
to decrease, it drops below ambient pressure,
and ths suction phase begins. This phase may
last for several seconds, and for most of that
time the transient winds blow inward toward
the explosion. The damage during this phase
is generally minor in nature because the peak
negative overpressure is stall in comparison
with the maximum positive overpressure.

In striking opposing surfaces or structures,
a process known as diffraction occurs, wherein
ovarpreasure is considered to be resolved in%o
faceon (refiected) and sidé-on overpressures.
A general discussion of these forees, and of the
corresponding translational force, known as dif-
fraction loading, is given in Ch. 2, Sec. IV,

4-2.2.2. Dynsmic Pressars

Although the destructive effects of the blast
wave arve often related to values of the paak
overpressure, the dynamic pressure may be of
equal importance. As a function of the wind
(particle} velocity and of the density of the
air behind the shock front, dynamic pressure
in expressed by the equation

g=lom?
where ¢ represents the dynamic pressure, ; the
air density, and u the wind velocity. For very
sirong shocks, the pssk dymamic pressurs I
larger than the overpreasure, but below 69 psi

overpreassure at sea Jevel, the dynamic pressure
is amaller. The peak dynmamic pressurs, like

L~ - , -3
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the peak overpressure, decreases with distance
from ground zero, although at a different rate.

For a great variety of building types, the
degree of blast damage depends largely on the
dirag force sasociated with *he strong transient
winds acccmpanying the passage of the blast
wave. The drag force is influenced by certain
characteristics of the structure, such as the
shape and size, but is generally dependent upon
the peak value of the dynamic pressure and its
duration at & given location, (Ch, 2, See, IV).

At a given location, the dynamic pressure

varies with time in a manner similar to the-

changes of overpressure, but the rate of de-
crease behind the shock front is different. Both
overpreasure and dynamic pressure increase
sharply when the shock front reaches the given
location, tien they decrease. Fig. 4—4 indicates
qualitatively how the two pressurcs vary in the
ccurse of the first seconds following the arrival
of the shoek front. The curves indicate that
the overpressure and the dynamic pressure re-
turn to ambieat {0) conditions at the same
time. Actually, due to the inertia of the air,
the wind velocity (and, therefore, the dynumic
pressure) will drop to zero at a somewhat later
time, but the difference is usually not signifl-
cant for purposes of estimating damage. Table
4~1 gives some indication of the corresponding
values of peak overpressures, and peak dynamic
pressures, a3 reiated to the maximum blast
wind velocities in air at sea level,

Amblent
Prosowre ¢
A ted Blem™C\D tet'ly

Arrivel
Time

tatt et
TIME

Figure d—4, Compothron of Variotions of
Overpressurs and Dynomic Preteure vs Time

TABLE 4=}, OVERPRESSURE AND DYNAMIC
PRESSURE RELATED TO BLAST WIND

VELOCITY IN AIR AT SEA LEVEL
Peak Over- Peak Dynamic  Maximura
Pressure Pressure Wind Velocity
(psi) (psi) (mph)

72 80 1,170
60 40 940
30 16 670
20 8 470
10 2 290

b 0.7 160

2 0.1 ' 70

4=22.3. Arrivei Time

As previously stated, there is a finite time
interval required for the blast wave to move
out fromn the explosion center to any. particular
location. This time interval is dependent upon
the yield of the explosion and the distance in-
volved. Initially, the velocity of the shock front
is quite high, many times the apeed of sound,
but as the blast wave moves cutward its veloc-
ity decreases as the shock front weakens.
Finally, at long ranges, the blast waye becomes

essentially a sound wave and its velocity ap- -

proaches ambient sound velocity.

4-2.24. Duruition

‘The duration of the blaat wave at a particu.
lar location also depends upon the energy of the
explogion and the distance from .ground zevo,
The duration of the positive overpressure phase
is shortest at close ranges, increasing as the
blast wave progresses outward. Because the
transient wind velocity behind the shock front
decays to zero, and then reverses itself at a
time somewhat after the end of the positive
overpressure phase, the dynamic pressures may
endure longer than the overpressure. However,
these ¢lements of the dynamic presasures are so
low they are not significant. Therefore, the
offective duration of the dynamic pressures
may be considered as being essentially the same
ss the positive phase of the overpressure.
4=2.2.5. Overpressere ond Dynamic Pressare

impulss

Damage to targets is frequently dependent
on duration of the loading as well as the peak

“l SRR,
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pressure. Parameters related tc the duration
are the impulyes represented in Fig. 4-4, where
the overpressure positive phass impulse is the
area under the positive portion of the over-
presaure time curve, and the dynamic pressure
impulse is the area under the positive portion
of the dynamic pressure time curve,
The overpressure positive phase impulse is
represented by the equation
me*
l,= [ aP(t)dt
1=

in which: t=0 is the time of arrival of the
shock front; ¢=t is the end of the positive
phase; and AP(t) is the overpressure as a func-
tion of *ime.

The positive phase presgures.time curve show-
ing the deuay of overpressure at a fixed poir*
in space will vary, depending on the peak over-
pressure and duration for a given yield at that
point, Where overpressures are less than 25
psi, the variation of overpressure with time
may be expressed by the foll. wing semi-empiri-
cal relation:

(4-2)

-in"
aP(t) =AP(1-F-)e (4-3)
where: AP{t) is the overpressure at any time
¢; AP is the peak overpressure; and ¢ is the
positive phase duration,

In a similar manner, the dynamic pressure
impulse is represented by the area under the
dynamic pressure-time curve, and may be rep-
resented by the integral

lul"

lq=/q(t)dt

(d-4)

where: I, is the dynamic pressure impulse;
q(t) the dynamic pressure as a function of
time; and ¢, the duration of the dynamic pres-
sure positive phase. As with overpressure, the
rate of decay varies with peak pressure and
duration. Where dynamic pressures are less
than 12 psi, the variation of dynamic pressure
with time may be represented by the approxi-
mate equation

glt)=q(1=2/t*)? el (45

where: g(¢) is the dynamic pressure at time ¢:
q is the peak dynamic pressure at the shock
front; and ¢ is the overpressure positive phase
duration (Ref. 21).

4=3.2.b. Reflaction

When the incident blast wave from an ex-
plosion in air strikes 8 more dense medium such
aa the earth’s surface, either land or water, it is
reflected. The formation of the reflected shock
wave in these circumstances is represented in
Fig. 4-5(A). This figure shows several stages
in the outward motion of the apherical bimat
originating from an air burst bomb, In the first
stage (t,), the shock front has not reached the
ground; the second stage (t,) is somewhat later
in time; aed in the third stage (t,), which is
atill later, a reflected wave, indicated by the
dotted line, has been produced.

When such reflection occurs, an individual or
object precisely at the surface will experience
a single shock, because the reflected wave is
formed instantanecusly. Consequently, the value
of the overpressure thus experienced at the sur-
face is generally considered 1o be entirely a re-
I: cted pressure. In the region near ground
zero, this total reflected overpressure will be
more than twice the value of the pesk over-
preasure of the incident blast wave, The exact
value of the reflected pressure will depend on
the strength of the incident wave and the angle
at which it strikes the surface. The variation in
overpressure with time, as observed at a point
actually on the surface not 100 far from ground
zero, such as point A in Fig. 4-5(A), will be as
depicted in Fig. 4-6(B). The point A may be
considered as lying within the region of regular
reflection; {.e., whery the iucident (1) and re-
flected (R} waves do not merge above the sur-
face.

At any Jocation somewhat sbove the surface,
hut still within the region of regular reflcction,
two separate shocks wil: be feit. The first shock
is due to the incident blast wave, and the yec-
ond, which arrives a short time later, to the re-
flected wave. Fig. 4-5(C) depicts the variation
of overpressure experienced st a locution above

W 45
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Figure 4-5. Reflaction of Air-Burst Blast Wave of Eorih's Sufoce
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the surface. In determining the effects of air
blast on structures in the regular reflection re-
gion, allowance must be made for the magni-
tude and also the di:ections of motion of both
the incident and reflected waves, After passage
of the reflected wave, the transient winds near
the surface becomes essentially horizontal,

In the early stages of propagation, when the
shock front is not far from ground zero, it is

reasonable to assume that both the incident .

and reflected waves truvel with velocities that
are approximaiely equal. The reflected wave,
however, always travels through air that has
baen heated and compreased by the passage of
the incident wave. As a result, the reflected
shock wave moves faster than the incident
wave und eventually overtakes it. The two
waves then fuse to produce a single shock
wave. This process of wave interaction is re-
ferred to as Mach or irregular reflection, and
the region in which the two waves have merged
is called the Mach region, The fusion of the
incident and reflected blast waves is indicated
schematically in Fig. -6, which illustrates a
portion of the blast wave profile close to the
surface. Fig. 4-6(A) represents & point close
to ground zero. In Fig. 4-6(B), a later stage,
farther from ground zero, the stecper front of
the reflected wave shows that it is traveling
faster than the incident wave. At the stage
illustrated vy Fig. 4-6(C), the reflected shock
near the ground has avertaken and fused with
the incident shack to form a single shock front,
cilled the Mach stem. The point at which the
incident shock, reflected shock, and Mach
{ronts meet is referred to as the triple point.

UNCLASSIFiEY

As the reflected wave continues to overtake
the incident wave, the triple point rises and
the height of the Marh stem incremses as
shown in Fig. 4-5(A). Any cbject, located
either &t or above tha ground within the Mach
region, will experivace a single shock whose
behavior will follow that of shock fronts in
general (the overpressure at & particular loea-
tion will decrease with time, and the positive
phase will be followed by a suction phase). At
points in the air above the triple point, Sepa-
rate shock will be felt from the imcident (I)
and reflected (R) waves, also as shown in Fig.
4-5(A).

Two aspects of the reflection process are im-
portant with regard to the destructive action
of the sir blast. First, only a single shock is
experienced in the region below the triple point
(in the Mach region). Second, since the Mach
stem id nearly vertical, the accompanying biast
wave is traveling in a horizonts] direction at
the surface, and the transient winds are nearly
parallel to the ground. In the Mach region,
therafore, the blast forces are applied in a
nearly horizontal fashion against above-ground
structures and other objects, so that vertical
surfaces ary loaded more intensely than hori-
2ontal surfaces.

The distance from ground zero at which
Mach fusion commences is dependent upon the
Yield of the weapon and the height of burst
above the ground. This distance dacresses with
& decreasing height of burst. Conversely, if the
air burst occurs at a sufficiently high altitude,
only regular reflection takes place and no Mach
stem will be formed (Ref. 1).

incldent Wave . Reflected Wave .
' fommme—Triple Point
Reflacted Wove vl
Wave Mach Sam
Y i
a} o . ©

Figure 4=6. Fusion of Incident and Reflected Waves, and Formation of Mach Stom
DGR nisa:. Lo}
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The prcbiem of reflection ia treated more
fully in the publications numbered 18 through
17 listed in the Bibliography for this chapter.

4-2.3. (U) Compuintion of Blast Wave
Paremeters

4=2.3.1. Genaral

The following paragraphs summarize some
pertinent aspects of blagt wave theory and cal-
culation. Much of the analysis which has been
developed in the hterature is applicable to
either nuclear or high explosive blast. As
previoualy indicated, however, there are certain
physical differences which affect the validity
of the solutiona.

Compared with an ordinary high explosive
binst, the energy density of a nuclear explosion
is much greater and the corresponding tem-
peratures developed are much higher, by a fac-
tor close to 10%.° An HE explosion generates
temrperatures near 5,000 C degrees; a nuclear
explosion results in initial temperatures near
5C million degrees C. The tremendous differ-
ance in energy denaity has several consequences
pertinent to the calculational aspects of the
problem as well'as the physical aspects.

The nuclear explosion can be considered more
nearly a point sousre cf energy, and solutions
for the rezulting blast wave are based on this
concept. In an HE explosion the assumption of
& finite zize energ source ia more appropriate,

" because it takes comparatively longer for the

energy to be transferred to the surrounding
alr. Accordingly, iinmediately following the HE
blast the shock wave pressum is actually less
than that predicted from a point source solu-
tinn. For this rexson, much of the more recent
litarature has been directed toward finite source
solutions,

4=23.1 Besic Hydredynomic Equetions

Before discussing some of the various ap-
proaches to the problems of blast wave com-
putations, the basic hydrodynamic equations
will be summarized for veference. This discus-
sion is not concerned with equation derivation
a8 such. Only sufficient analysis is given to pro-
vida a euitable background. The basic equations
of hydrodynamics are equally valid for either
a gas or liquid. The associated equations of

U

state are, howuver, different in each case. The
following discudsion is based largely on Refs.
2 through 6.

The genersl problem of fluid flow is to de-
scibe what is happening to ench region of the
fluld as & rvesult of certain outside influences.
Frequently, the most significant parameters
are the fluid velocity and the fluid pressure,
described as functions of position and time.
Fluid deacriptions in hydrodynamica are based
on the concept of & continuum. Roughly speak-
ing, this corresponds to imagining an arbi-
trarily large number of particles distributed
throughout the apace of interest, such that
each fluid property veries in a continuous man-
ner from particle to particle. In order to ade-
quately describe physical phenomena, however,
it will be necessary to permit certzin points,
lines, or surfaces tv exist upon which the fluid
properties behave in a discontinuous manner,

The great difficulty of the subject iy that, in
terms of rigid body mechanica, a system of an
infinite number of degrees of freedom has to
be dealt with. Stated differently, because con-
tinuous varigtion in properties of the fluid s
postulated, each property will be a function of
both position and time. Correspondingly, the
basic equations of hydrodynamics are partiul,
rather than ordinary, differential equations.

To make more explicit the above statements,
a brief discussion of the two methody for de-
scribiag fluid motion will be given. The flrst
method, called the Lagrangian description, con-
siders what happens to each individual fluid
particle in the course of time. The other
method, called the Eulcrian description, con-
siders what is happening at each point in space
as & function of time, In the latter method, for
exarmnple, the pressure at a point means the
preasurs associated with the particle thit hap-
pens to be passing through that point at that
instant. No attempt is made to follow the in.
dividual particle.

Consider frst the Lagranzian description.
Since the motion of each individual particle is
to be Zollowed, it will be necessary ¢o 1dentify
each particle. This may be done by setting upa
coordinate system at a fixed instant of time,
asy ¢ = 0, and by assigning to each pariicle a
set of numbers which may be taken as its co-

3 NNty
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ordinats in space. Again for example, when
limited Lo une-dimensional motion, the identify-
ing tag associated with each particle is merely
its position on the &xis of motion at ¢ = 0. As
time proceeds, each particle moves, and its

" position will be a function of time. If z is its

location at time ¢, then z = 2 (t) for each parti-
cle. Let the term a be the initial position of a
particle; then a will be different for each parti-
cle, and the entire “field” (that is, all particles
at the same time) may be described by the
gingle expression

z=z(a,l)

where, for each particle, a is a fixed number,
and ¢ ig the time. Correspondingly, the velocity
of each particle is given by

u_'c‘z( 0
._.a_t. ¢,

where the partial derivative symbol is used to
emphasize that a single particle is being con.
sidered. For brevity, it is conventional in hy-
drodynamic literature to write

oz R
. -&-(u, t) =z

so that .
z=ula, t) (4-8)

In the Euler representation, consider a re-
glon of space which may be arbitrarily selected.
Again using one-dimensional motion as an ex-
ample, the location of this regio. .4 denoted by
a positioa, z, relative to the cocrdinaie aystem.
Thux, z is an independent variable, an locates
& point in spore, not a particviur particle.
Through thi' .., however, particles pass,
and each part'cle tias certain properties asso-
ciated = wh it *% < inster L of pussing through
the point 2. % "« nrop erties are velocity, ac-
celeration, ..e «we, goeusity, ete. Accordingly,
for exampls. ¥+ ity st (not of) any point
i apace ¥ = ¢ wiin of time; for with time,
differeut ;1iciea are passing the point. Let
the varizble which describes all the points in
space be z, and let ¢ be the {ime. Then, the
velocity at the point, at that time may be
written '

u=n(z t). {4-7)

At a given instant of time the particular parti-
cle passing through the point has this same
velocity, by definition. Hence,

3.=u(zl ') (.'s)

and if u has been determined, the position with
time of each particle may be determined by in-
tegrating Eq. 4-8. The solution will involve a
constant of integration, which may be deter-
mined by the location of the particle at time ¢
={, Accordingly, the solution will be ex-
pressed in terms of ¢, the Lagrangian eoordi-
nate, written after solution as,

r=f(a,t)

where f will now be & known functional form.
This integration then forms the connection be-
tween the Eulerian and Lagrangian technique.
1t should not be inferred that the physical de-
scription just given is easiiy carried out. In
fact, very few solutions are known even in the
one-dimensional case.

Referring to Eqg, 4-7, an important distine-
tion is made. If each particle that passes the
point & has the same characteristics in terms of
pecd, pressure, etc., as every othar particle that
passes through the point x, then u, given by Eq.
4-7 does not change with time.

Tn this case 4 = u(z) and the flow is said to
be steady. It should bo noted that the flow, fol-
lowing each particle, may differ from point to
point, and still be within this definition of
steady. This simple fact illustrates the utility
of the Euler description. If, on the other hand,
particle properties gre different for each suc-
ceeding particle that passes through 2z, then u,
at z, is also a function of time, writtea

=u(z,t).

In this case, the Row “fleld” is snid to be mon-
ateady.

4-23.3. Beslc Ono-Dimensional Flow Equetions

On the basis of the simple introduction, given
in the preceding paragrapli, some of the basic
equations of one-dimensionnal flow will Le sum-
marized. Once aguin, this discus<inn is explan-
atory in nature, and is not concerned with equa-
tion derivation as such.

e T~ R 4-9
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The basic laws governing the hehavior of the
flow field are the same as those governing any
other mechanical system. That is, Newton's
laws of motion, conservation of ehergy, conser-
vatior of mass, and the laws of thermodynamics
govern.

Consider first the conservation of mass, Us-
ing the Euler description, a region in space is
selected through which the particles are pass-
ing. The rate at which maas leaves the region,
minus the rate at which it enters, i.ust equal
the rate at which it decreases within the region.
If p is the masa density, dx the length of the
region of croas saction A, and u is the entering
speed, then pAu is the mass per unit of time
entering the region, and pAdz is the mass with-
in the region. Using subscripts to denote loca-
tion,

9
[), = (pu) J A== {pddz)
or
{pts) war— ('u)‘a _‘a_ﬁ
dz
which, upon passing to the limit, gives the con-

tinuity equativn for one-dimensional flow.
(This assumes that 4 is a consteut.)

(4-9)

where p=p(z, ¢} and u=u(z, t) are the density
and velocity of the particuilar particle that hap-
pens to be peasing through the region located
at z, ot time &

In & similsr manney, by drawing a free body
diagram of the region located at z, and by ne-
glecting all forces excapt pressure, the moment-

um form of Newton's law is obtained,
1“. g?i:a -.lff (4&19)
o & p ox

where P ig the static pressure between fluid
particles.

Shearing forces are neglected because with
such torms the practical problem of solving the
blast equations, even in one dimension, is much

too difficult; being even too diffeult for solution
on high speed computerr. Fortunately, this as-
sumptivr of frictionless flow does not invali-
date the analysis. Instead, as will be presently
discussed, there are regions of the flow in which
the viscosity plays a very important part. These
regions are the shock waves that show up,
mathematically, as discontinuities in the flow.
The discontinuities zarve as boundaries acroas
which the fluid properties undergo sharp, step
changes. It has been found that if the flow
field is assumed to be everywhere continuous,
frictionless, and adisbatic, except at the discon-
finuities, a reasonable approximation to the
real, physical system can be achieved. In fact,
in the sense of a real fluid there are no discon-
tinu‘ties.

Fortunately, however, the rates of change of
fluid properties are so great that shock waves
may be treatrd as fluid discontinuities. This
permits the neglect of viscosity and hest con-
duction elsewhere. Even with this simplifica-
tion, however, straightforward solutions are
very difficult, and it is only with *he aid of ap-
proximation that solutions have been obtained
for the one-dimensional, non-steady, blast prob-
lem.

The thermodynamic relations required ex-
press the first and second of Newton's laws. If
E representa the internal enorgy per unit maas
¢f fluid, which includes thermal and chemical,
and 14 mx* represents the kinetic energy of a
particle of mass m, then the first law states that
the work done equals the change in total energy
{neglecting heat transfer as stated above).
Thus, for a particle of dimensions Adx, moving
with the specd w, and baving density ,, and
preasure P, there is the expression

[(Pu)a— (Pu}ral di- A

which is the work dome on the particle. Its
change in energy is

d 1
dudspd—t [E+Eu- ]
Ylyon passing to the Unit, thia gives

d 1 ?
E+-1t |==—{(P, u)
"E[ 2 ] a

410 e e
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which, by making use of the continuity equa-
tion, may be written,

dE P dp
ra?g-:-d-‘- {4-11)

]
where i is the total derivative, following the

particie. Since each particle is passing through
a given location at each instant of time, its
propertiea, » for example, may be written

g p=pla, 1), (+-12)
Then, 71 of p means the total rate of change

of p with time and position. Hence, using the
chain rule of calculus, applied to Eg, 4-12

dt 3 axdt
but :—: = 4, the speed, ana hence the Lagran-

gian and Euler derivatives are connected by thr:
relation

Gk (4-18)
dé o oz

where the same expression may be applied to
any one of the fluid properties; that is, for ve-
locity itself,

d. ot =

d
Inmmmuitismhdﬂuta-umumﬁuhhl

. du
nhotchmge.eomiltlngofapm,-i?uusaed
u
by changing u at a given point, and of u PP

caused by changing location at a given time.

If we sssume there are ne dissipating proc-
eses within the fluid, except at the discontinu-
itiea, then the thermodynamic condition of con-
stant entropy may e applied to any region
free of boundaries. This ieads te the usual adi-
abatie relation that permits pressure to be ex-
presscd as a single-valued function of density
alone. Note, however, that across discontinu-
ftles two different elements of fluid may aave
undergone different dissipative processes. Con-

sequently, the adiabatic law may be different
for the two particles.

In order to introduce the subject of shock
waves it & manner most appropriate to the
present diacussion, it will be convenient to first
discuss waves of small amplitude,

For reference, the continuity and momentum
vquations for one-dimensional flow are re-
peated:;

3 o)+ (4-9)

z T ‘
and

o 1

_ng_:___a_f’_ (4~10)

ot éx p X

Asst.ne that there exists an everywhere uni-
form and stationary fluid of (initial) density
e it is now desired to determine how the fluid
riacts when a small pressure disturbance is
created. This is the usual acoustic problem. It
is inatructive to sce what assumptions must be
made to arrive at the concept of & sound wave.

If the indicated differentiation is carried out
in Eq, 4-9, the result is

e o o
() = bt F pee,
el el

If it is assumed that «, the particle velocity, is
small, and that the density change at a point
is umall as a result of a amall pressure puise,

¢
the term fai-u represents a quantity of second-

o
order compared with ~ Accordingly, it
may be neglected. Further, since P is presumed
to be a function of p only,
8P s dP\ 2P
B e | —
( )30

a \ dp

dP
Sinqeg - \, evaluated for an adiavatic change
' »

4
is a slowly varying function of ,, it will be
treated within the framework of the present
aasumption as & consiant, and bs denoted by
o In the momentum «quation, Eq. 4-10, the

temu:-—:hlhocfmondordermdwmbo

A DEOR e : 411
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" negleeval, Uy these assumptions in Lq.~.. 1-9

,p-l—mn!"ﬂ“

i)

and 4 10 leads to

on l.aP '
e e 23 (] 4-15)
Far Cuidt (
and
1 U .
—t =, d-1i
A =t

As u turther assumption, consistent with those

4 ,
already made, p a—: for example. muy be written

(pot Sp)f-'-‘. and the term Apaf is a aecond

order quantity Neglecting this tevm vesults in

" the pair of linear, pariial, ditferential equations

with constant coeflicieuts,
1 3P

AR 417
Mo Gt C -t
and
D
l¥w (4-18)
o %ot

which may be combined into & single equation.
Differentiating the first with respect to ¢, and
the second with respect to z, and making use
of the fact that

a au _oftu
ae 8:: dx\ ot
for coptinuous functions and derivatives, wc

combine the pair of equations to give the acous-
tic wave equation

#P_1 P
— +
W Cp P @19

A solution of this equation requires the sub-
stitutinn of some function that will reduce both
sides to an identity. As may be seen by direct
subatituticn, such a function is

. P=f (t-=z/C,) (4-20)

where the argument of the function is the
quantity ¢~z/C., and f Is an arbitrary func-
tion. The exact form of f will depend on’the
boundary conditions; however, without con-
sidering that aspect considerable Information
can be obtained. In words, Eq. 4-20 states that

4-12

43
et

the pegssire in tae iluid au any point 2, and
at any time 4, is a function of thie siecific cam-
binativn uf @ qud & given Ly (-=2/C,), veigirds
less ¢f the functional form of /. To sce the
meaning of this, let

b--x[Cym e,

P=f(w)

and for all vulues of z and ¢ which make w 2
constant, the pressure P is also a constant and
equal to the same value, because a function of
a conatant is a constant. Let 1 be given a set
of constant values, such as w, w, %, etc,;
then,

Then

r=Ct+Cu0, {{-21

where 1t; is one of the valnes of the series w,,
W, ete, If z is plotted aguinst ¢ for different
values of w, the result is a set of straignt lines,
all having the same slope, as shown in Flg. 4-7.

Also note that because of P=f (1), each
line is also & line of constant pressure, The
furm of Eq. 4-21 shows that C, is & speed fac-
tor, because (speed) X (time) gives distance.
Consider then, the point a on line w,. Let the
presaure on this line (everywhere on the line)
have the value P,. This occurs at z=z,, at time
t=¢,, as shown. As other points are considered
in the (z, t) flow field, it is seen thut at pnint
b, where z=2,, and é={,, the pressuve is atill
P,. That is, the same pressure hag been trans-

Figure 4-7. Plot of x Against # for Different
Valves of w
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mitted from point @ to pont b. Since the speed
of {rangmisaion {3
3.—;’.
t.-tl
using Eq. 421, the
Co{ty—1.)

£ transmission = —e———————=C,
speed o ission TR

showing that C, is the speed of transmission
of the pressure pulse. Since the lines given by
r=C,t+C,1, are straight lines, it can be scen
that C,, called the speed of sound, is the same

everywhere in the fAow field. It is also seen that

by holding z constant and varying the time, the
pressure at a point_ changes with time. The
. preasure puise may then be envisioned as being
tranamitted as shown in Fig. 4-8, where the
pulse is moving to the right with the speed C..
(hat is, energy is uxchanged between particles
to transmit the preasure; however, the move-
ment of cach particle need only be small, This
is well {llustrated by the familiar example of an
ever-widening disturbance created on the sur-
face of a still pool of water.
To examine the motion of each particle, con-
gider Eq 4+18. Then, with P=f(¢t—2/C.),

_..= - _..—-.f'(t-:c/C.X _1)
ot P 1

(4-22)
where f'({~x/C.) is the derivative of f with
vegard to its argument (¢-2/C,). In order to
determine the variation {n u at a point, we inte-
grate this equaﬂon with rupect to ¢, holding =
fixed. This gives

s--Lf(t—zfc.)J (4-23)
© wCo e,

ush:-a[P—P.]

wheye the initial values of 4 and P are taken as
zero and P, respectively,
Ta effect the integration of Ec 4-22 with
respect to time, as above, write
t—2z/C,=z
then

or
(4-24)

Bu
T 1" (2)

L .

Figure 4=8. Tronamission of Pressure
Pulse in Point-Time Field

and
o n

L@ = TR &

since 9¢/dz=1, and the result foilows, '
From Egq. 4-24 it is seen that « is smail, com.
pared with the speed of transmission, for amall
variations in P,. To examine sume numerical
values recall that the spund speed C,, is given by

dp v
a

Using the adiabatic equations of state for air
and water giver C,=1,100 ft/sec. for air and
C.=5,000 fi/sec. for water, at near standard
conditions. Siuce the densities of the two media
are so different, Eq. 4-24 shows that the par-
ticle velocity is much less in water. If p.=2.0 X
10~ slugs/cu ft for air, and p,=2.0 alugs/cu ft
for water, the sama pressure difference of (for
example) one hundredth of an atmosphere=20
1b/aq ft, produces particle velocities, induced by
the passage of the pressure wave, equal to,

Souter =2X10° fi/sec.
s 10 £t/8ec,

4=1.34. Basic Spharicel Wave Eqguations

Up to this point, the discusaion has dealt with
one-dimensional flow along & specified axis.
Therefore, the waves produced have been plane
waves, and the equations presented apply only
to that case. [Observe that P=f(t+z/C,) i
also a solution to the previous equation. This
corresponds, physically, to & wave traveling in

C.=
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the reverse direction.] Of even greater interest
is the case of spherical waves, Fortunately, if
it is mssumed that the spherical waves are
gymvetrical and depend only on radius and
time, the cquations still depend on only one
space varisole, Let this variable be 7, and by
reasoning similar to that alrendy employed, a
set of equations may be derived that express
the continuity and mcmentum relations, If
these equations are linearized in the same way
as the plane wave case, the following are ob-
tained:

e 1 ar
= ": PP (4-25)
and .
1 2P 1 0 tu
[ A R
which, when combined, give,
1 3 P 1. &P
—_——f r = e — (4-27)
r Jr er/ ¢t A
where u now means the radial speed, u=%.

for a given particle. It may be verified by differ-
entiation that a solution of Eq, 4-27 is
1

P=;l {¢-r/C.). (4-28)
Using exactly the same argument ag before, it
is seen that C, is the speed of the spherical
wave, but that now the amplitude decreases
with radius because of the factor (1/r). This
is obviously caused, physically, by the greater
area over which the advancing disturbance is
spread. Integrating Eq. 4-25 with regard to ¢,
and using the functional expression just found
for P gives

P —P » 1

t
U= ———rteee | [P(r,t')=P,]d¢
#Co  ar
L]

where ¢ is & variable of integration. Although
integration cannot be performed explicitly, as
in the plane case, it is soen that the velocity
in the fluid u, at position r, is not only a func-'
tion of t. 1 pressure difference at that time, but
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also u function of all previous pressures that
reached the point pricr to time=¢, This i3
gshown by the prescnce of the integral. That is,
the velocity u. called the after flow, will exist
even after the local pressure difference has
fallen to zero. Futriher, u will equal zero only
when P falls below P,. This illustrates one sig-
nificant effect of 2 spherical sourge. It also
serves to show why tne blast problemn leads to
mathematical difficultivs, for a complete evalua-
tion of pressures and flow at points Irhind
{after the wave Las pussed} the wave front is
clearly only possible by considering the proper-
ties of the source which gencrate the wave.
Further, any source will be affccted by the fluid
surrounding it, and it ia seen that & coupling
exists between the cause and effect. In the blast
computations to be considered later, this cou-
pling will be seen to compiicate, and determine,
the boundary conditions.

In the blast problem, only weak sources pro-
duce acoustic waves. In the cases of interest,
and in relation to an exploslon, the pressure
diffcrences created by the passage of a wave

front are too great to consider the linearized

equations just discussed. In fact, the nonlinear
character of the flow field, together with cun-
siderations of viscosity and heat transfer, lead
to the formation of shock waves. To see, from
a physical viewpoint, how this happens, con-
sider the following argument.

In the linearized treatment, the sound apeed
C(x,t) was replaced by a constant value, C,,
evaluated at the equilibrium state. In other
words, the transmission speed was assumed to
be indeperdent of the pressure and the state
of motion of the fluid. These assumptions lead
to the conclusion that the C=C, was a congtant
in a fixed coordinate system. On the other
hand, if C is permitted to vary and is measured
with respect to a set of coordinates moving
with the fluid at the point in question, matters
become more compiex. Since P=P (p) is an
adiabatic relationship, P is expected to increase

at an increasing rate with . That fs, g is

positive and increases with increasing compres-
sion, Accordingly, the sound speed increases

g
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with inereasing compression. The great signifi-
cance of this effect is shown in the following
discussion, based on Ref. 4.

Consider subsequent apatial pusitions of the
s.me wave, as shown in Fiyg. 4-9. Compression
traveling to the right, as in pesition (1) will
have the apeed C,, relative to the fluid, at point
a. The absolute speed of compression at point
a is, therefore, u,+C,, where «, is the partlcle
speed. Point b represents the pressure wave
with speed of tranumission u,+C,. Since point
b is a point of higher compression than point a,
u, and C, are both higher than at peint a.
Hence, as measured in absolute coordinates, the
pressure pulse is being transmitted faster than
at point a. Correspondingly, the sequence of
events is shown in (2) s&nd (3}, where the crest
of the wave has overtaken the valley, Here
there is an exceedingly sharp wave front,
across which quantities vary in an almost dis-
continuous faghion, The steepneis of this wave
front generates large gradients, from which it
could be expected that heat conduction and
viscosity would enter the pictura. Because it is

_ known that they do, to a significant extent, the

elementary analysis just considered is nut satis-
factory for a complete evaluation of shock
waves. However, it does point out the signifi-
cant fact that strong compression waves lead
to shock waves, Conversely, the argument also
shows that rarefaction waves cannot produce
shock waves. This aspect of the discussion is
conciuded by the observation that spherical
waves, even though strongly initiated, will
eventually approach sound waves because the
energy density from a finite source iz spread
out over an ever expanding sphere,

LS
4=1.1.5. Varlous Appreaches to the Blust
Problem for Free Air Bursts

o General

The discussion of physical aspects in the pre-
ceding paragraph and the nonlinear character
of the basic equations indicate thut shock waves
will develop. Further, it is clear that after the
shock front has started to develop, the heat
conduction effect and viscosity mnst become
important because of the high gradients exist-
ing in pressure, temperature, etc., at the wave
front. It would seem that an obvious solution
would be to include the viscosity and conduc-
tion effects in the basic equations from the
beginning, and to then solve the resuiting par-
tial differential equations. The resulting solu-
tions would automatically account for the shock
fronts and all aspects of the tow. Unfortu-
nately, such an approach is far beyond the
present applications of nonlinear differential
equations. Even from a purely numerical view-
point, the highest speed computers weuld be
useless in a problem of this generality, Of we-
cesgity, then, wpproximations are made in ob-
taining solutions to the blast problem. Since
the various methods are approximations, they
are not unique, and diffurences in principal as

well 2s in computational techniques would be |

expected.

It has already been indicsted that none of
the authoritative works in the field has at-
tempted to solve the complete problem. In-
stead, the shock waves dre trested as mathe-
matical discontinuities, which zerve as free
boundaries between regions of sssumed adi-
abatic flow fields. The term free boundary
means that these discontinuities are not known
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in agvance, bul must be detormined as the solu-
tion procecds. Endosd, this one fact accounts
for some of the major difficulties encountered
in problems of this type, both from a computa-
tional and theovetical viewpoint,

It shoula be pointed out here that von Neu-
mann's scheme of fictitious viscosity is a'depar-
ture from all former techniques. While this
technique dues not treat shocks as a mathe-
matical discontinuity, neither does it attempt
to solve the governing differential equations in
all their generality. This fictitious viscosity
method will be discussed 1n following sub-
paragraphs. Since shock waves, treated as
mathematical discontinuities, play such an im-
portant role in blast caleulations, it is worth-
while to deseribe the conditions under which
they exist. The physical basis for their forma-
tion has alreaiy been discussed. The analytical
conditions existing at a shock front will
no'w be examined. In order to discuss shock
weves from an analytieal viewpoint, it is neces-
sary to develop the Rankine-Hugoniot equa-
tions. Thesc are treated in many places {Ref.
3, for example) and will be repeated here only
to the extent necessary to observe the physical
imyplications behind them.

Consider, for illustration of the analytical
conditions existing at & shock front, the case
of a plane wave advancing into a region at rest.
The side of the discontinuity facing the undis-
turbed flow is called the front of the shock
wave, As this front passes, the particles of
fluid have their properties changed. Hence,
viewed from an absolute coordinate system, a
condition of nonsteady flow exists. If it is
assumed that the front advances at a uniform
speed, U, with respect to fixed axes, then an
observer traveling with the front would ob-
serve a condition of steady state. Let the sub-
script “o” refer to properties of the fluid in the
undisturbed state, and let properties without a
subscript refer to the condition after passage

, of the front. In Fig. 4-10, u represents the
particle speed with respect to fixed coordinates,
P the pressure, and p the density. E is the in-
ternal energy per unit mass. The shock front is
shown moving to the right into the undisturbed
fluid, at speed U with respect to fixed coordi-
nates.

4-16
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P e oY}
Shock Fromt

Figure 4-10. Movemeni of
Shock Front in Undisturbed Fluid

- The conservation of mass is expressed by the
fact that the mass entering the front must
lcave the front. Therefore, for a unit area,
[ (U-u) = pe U (4-29)
Newton's law may be expressed in the form:
change of momentum equals impulse. In time
dt, the mass crossing the boundary is
p (U=u) dt
and the momentum carried into the disturbed
region in time d¢ is the product of the mass
transported and the absolute speed of transport
(because Newton's lasw is true with respec! to
absolute coordinates). The momentum trans-
ported out is, therefore,
g (U~u) udt
and in a similar manner, the momentum trans-
ported into the bourdary is
Pe U (0) dt=0
because the absolute speed before the shock is
zero. The impulse in time di is
) . [P~P.)dt
and equating the two expressions gives
p (U~u) u=P-P,
but from the continuity equation, Eq. 4-29, this
* may be written
pe Yu=P-p,. {4-30)
To establish the energy equation, we require
that the work done ot an element as it pnsses
through the boundary is equal to the tofal
chenge in energy. The work, in time dt, is
Pudt
noting that the work of P, is zer. The total
change in energy in time dt is °
pe Udt[(E—E,) +% 1 ).

SbEAREL e

- UNCLASSIFIED



.

"o

\‘ENCLP\SSWED

Hhas o f e

Equating the two expressious gives
1
Purp, U(L'=~E,) +§u"

which, by climination of x and U by usc of Eqs.
4-29 and 1-30, may be written
I:.'-—E.=-}(P—P. -}-—1) (4-31)
2 Firy P
[2gs. 4-29, 1-30, and 4-31 show that a solution
exists in the How field for which the variables
are not zero. "That is, the basic laws of physics
show that o discontinuous flew is pussible. 1t
is these equatiuns that are needed as boundary
vonditions f{o relate the llow on onc side of a
discontinvity to the tlow on the other, when
solving the differential equations of fluid mo-
tion. Solving the firat two explicitly for u and

U gives,
U=[(.£’_ PP ]
Pefp—pe ]
and
u=lly,
P

Thus, the shock and particle speeds may le
determined in terma of the atated variables.
This is what was meant by the term free
boundaries. The speed, and hence position, of
the boundaries ure determined only after the
flow variables are determined in the solution
of the differential equations. Such solutions
frequently require trial-and-error techniques
which are, at best, very Lime consuming,

If it ix assumed that adiabatic {bui different
adiabatic) conditions exist on either side of the
shock wave, the energy terms may bhe ex-
preased as

and

where y is the ratio of speciiic heats. With
these two relations and the Rankine-Hugoniot
equations (Eqs. 4-28, 4-30, and 4-31), many
ureful relutions may be developed. This is
shown, for example, in Ref, 5. Some explicit
expresrinng, taken from Ref. 6, are

613322 O-43- 4

oy

f.. El'ﬂ 6y ( -32)
m Gty
o _1+ey
& 7
s _5(y-1)
U 1+6y
& 6+y
—-=v b
a.’ 1+6y
where the equations give, respertively: the
density wutio across the shock (4-32); the
Mach 1: imber of the advancing front, referred
1o the speed of sound in the undisturbed fluid
{433) ; “he ratio of the particle velocity to the
shock apeed (4-34), and the ratio of the speed
of sound behind the shock front to the apeed
of sound in the undisturbed fluid (4-35). In
these: equations, the terms not previously de-
fined are:
a,=speed of sound in the undisturbed flow.
Under the present adiabatic assumptions,
a, Inay be expressed as

P. /¢
a_:(v__) ,
Pe

e=speed of sound behind the shock front.

(2"

| (4-38)
(4-34)

(4-30)

y=ratio of the pressure after the shock to the

pressure ahead of the gshock, ¥=P/P,.
y=ratio of specific heals, taken equal to 7/6
for these expreasions. It i3 & well-known
fact that y=7/5=1.4 is an adequate repre-
sentation for air, provided the tempera-
tures are not too high.
It is observed that these imporiant flow param-
sters have all bewn expressed in terms of the
presasure 1utio across the shock wave.
Returning now to s discussion of poasible
types of solutions for the blagt problem, we
shail consider first the point source, strong
blast solution of von Neumann, as discussed in
Ref. 7.
b. J. von Nemmann’s Selution of the Point
Source, Strong Bisst Case
Some of the fundamental work performed on
blast waves during World War (I is represented
by Ref, 7, which is readily accessible. The
firat topic of the report is the cmse under con-
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sideration, iniroduced most effectively by
quoting, in part, von Neumann's own words,

“The conventionl picture of n Llast wave is
this: In a homogeneous atmosphere a certain
sphere around the origin is suddenly replaced
by humogeneous gas of much higher pressure.
The high pressure area wiil immediately begin
to expand agninst the surrounding low pressure
atmosphere and send a pressure wave into it.
As the high pressure area expands. its density
decreases and with it the pressure; hence the
effects it causes in the surrounding atmoasphere
weaken. As the pressure wave expands spheri-
cally through the atmosphere it i3 diluted over
spherical shells of. aver-increasing radii, and
hence its intunsity (the density of energy, and
with it the over-premaure) decreases continu-
ously also. This pressure wave is known (both
theoretically and experimentally) to consist at
all times of a discontinuous shock wave at the
front, and to weaken gradually as one goes
backward from that front.

“Thig dessription of the blast wave caused
by an explosion ia somewhat schematic, since
the high pressure area caused by an expiosion
is not produced instantaneously. nor is ila in-
terior homogeneous, nor is it in general exactly
spherical. Nevertheless, it seems to represent &
reasonable approximation of reality.

“Mathematically, however, this approximate
description offers very great difficulties. To
determine the details of the history of the
blast; that is, of its decay, the following things
must be computed: (1) the trajectory of the
shock wave; that is, of the front of the blast
wave; and (2} the continuous flow of air behind
the shock (ahead of the shock the air is unper-
turbed and at rest). This requires the solution
of & partial differential equation bounded by
the unknown trajectory (1). Along this trajec-
tory the theory of shocks imposes more
boundary tonditions than are appropriate for a
differential equation of the type (2), and this
overdetermination produces a linkage between
(1) and (2) which should permit one to deter-
mine the trajectory of (1) and to salve (2).
To this extent the probian is 4 30-called “free
boundary” partia! differential equation prob-
lem. However, the situation is further com-
plicaied by the fact that at euch point (2) the
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lucal entropy is determined by the entropy
change the corresponding gas underwent when
it crossed the shock (1) ; that is, by the shoek
strength at a certain point of (1). The latter
depends on the shape of the trajectory (1), and
the entropy in question influences the coefli-
vients of the differential equation (2). Hence
t a differential equation (2) itself depends on
the shape of the unknown trajectory (1). This
dependence cannot be neglected as lony as the
entzopy change caused by the shock is im.
portant; that is, as long as the shock is strong
(in air 2 shock can be considered “strong” if
the shock pressure exceeds 3 atm). Mathe-
matically ruch problems are altogether inacces-
sible to our present analytical tecliniques. For
this reason Lhe general problem of the decny of
blast has been treated only by approximate
analytical methods, or numerically, or by com-
binations of these.

“For very vioient explosions a further sim-
plification suggests itself, which changes the
mathematical situation very radically. For
such an explosion it may be justified to treat
the original, central, high pressure area as a
point. Clearly, the blast coming from a poin,
or rather from a negligible volume, can have
appreciuble eoffects in the outside atmosphere
only if the original pressure is very high. One
will expeet thut, ag the original high pressure
sphere shrinks to a point, the original pressure
will have to rise to infinity. It is exsy to see,
indeed. how these two are connected. One will
want the energy of the original high pressure
area to have a fixed value E,, and ag the
oviginal volume containing B, shrinks to zero,
the pressure in it will have to rise to infinity. It
is clear that of all known phenomena nuclear
explosions come nearest to realizing these
conditions.”

The investigation presented in Ref. 7 con-
cerning the decay of a blast wave due to a point
explosion of energy E, was largely taken from
the tollowing sources: G. 1. Taylor, Proc. Roya!
Soc., British Report RC-21C, June 27, 1941;
and John von Neumann, NDRC, Div. B, Report
AM-9, June 80, 1941. Impurtant simplifications
(in particular, the use of the variable of Eq.
2.44) are due to G. Y. Kynch, British Report
BM-82, MS5-69, Sept. 18, 1943, The results
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were generalized by J. H. van Vieck, NDRC,
Div. B, Report AM-11, Sept. 15, 1942, Compcre
also the later work of G. 1. Taylor, Proc. Royal
Soc. (London), 4201, 159 (1960).

One of the most significant aspects of the
solution given by von Neumann is the use of
dimensional similavity to reduce the complexity
of the problem. Since he deals with a point
source and considers very high pressures, the
initial air pressure before burst, P,, is neg-
lected. These assumptions permit a grouping of
variables which leads to a set of ordinary,
rather than partial equationa. The report con-
cludes with a set of furmulae which may he
used to compute the shock and flow parameters.

¢ H. Bet'se’s Solution for Small (v—1)

A method discussed by H. Bethe, in Ref. T,
is more general than von Neumann's solution.
1t is based on the fact that the term (y—1)
may be considered amall in many applications.
Here, again. the best description of the method
is afforded by the author's introductory re-
marks:

‘“The solution given in von Neumann Point
Source Case is only valid for an exact point
source explosion, for constant y, for constant
undisturbed density of the medium, and for
very high shock pressures. It is very desirable
to find a method which permits the treatment
of somewhat more general shock wave prob-
lems and thereby comes closer to describing a
real shock wave. The clue to such a method is
found in the very peculiar nature of the point
source solution of Taylor and von Neumann. It
is characteristic for thai sclution that the
density is extremely low in the inner regions
and is high only in the immediate neighborhood
of the shock front. Similarly, the pressure is
almost exactly constant inside a radius of about
0.3 of the radius of the shock wave,

“1¢ iy particularly the firat of these facts that
is relevant for constructing a more general
method. The physical situation ia that the ma-
terial behind the shock moves outward with a
high velocity. Therefore, the material stream:
away from the center of the shock wave and
creates s high vacuum near the center. The
absgnce of any appreciable amount of material,
fogether with the moderste size of the accelera-
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tivns, immediateiy '~ads to the cunclusion that

" the pressure must be very nearly constant in

the region of low density. It is interesting to
note that the pressure in that region is by no
means zeru, but is almost one-half of the pres-
sure at the shock front,

“The conceatration of material near the
shock front and the corresponding evacuation
of the region near the center is most pro-
nounced for values of the specific heat ratio y
close tn 1. 1t is well-known that the density at
the shock increases by a factor

L Ak (4-36)

p 11
This becomes infinite as y approaches unity,
Therefore, for y near 1 the assumption that all
material is concentrated near the shock fronu
becomes more and more valid. The density near
the center can be shown to behave as (y—1) /7,
where r is the radius.

“The idea of the method propcsed here is to
muke repeated use of the fact that the material
is concentrated near the shock front. As a con-
sequence of this fact, the velocily of nearly all
the material will be the same as the velocity of
the mnterial directly behind the front. Move-
over, if y is near 1, the material velocity beliind
the front is very nearly equal to the shonck
velocity itself; the two quantities diffe only by
a factor 2/(y+1). The acceleration of almost
all the material is then equal fo the accelera-
tion of the shock wave; knowing the accelera-
Jtion one can calculate the pressure distribution

-in terms of the material coordinate; i.e., the

amount of air inside a given radius. The cal-
culation again is facilitated by the fact that
nearly all the materigl is at the shock front and
therefore has the same position in space
{Eulerian coordinate).

“The procedure followed is then sirrply this:
we start from the assumption that a‘/ material
is concentrated at the shock front, We obtain
the pressure distribution. From the relation
between pressure .and density along an adia-
batic, we can obtain the density of each ma.
terial element if we know its pressure st the
present time as well as when it was first hit
by the shock. By integration of the density we
can then find & more asccurate value for the
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position of each mass element. This process
could be repcated if required; it would then
lead to a power series in powers of y~1,

“The method leads directly tvo a relation be-
tween the shock sccelerntion, the shock pres-
sure, and the internal pressure near the center
of the shock wave, In order to obtain a differ-
ential equation for the position of the shock as
a function of ‘ime, we have to use two addi-
tional facts., One is the Hugoniot reluton
between shock pressure and shock velocity, The
other is energy conservation in some form, In
some apolications such as that to the point
source solution itself, we may use the conserva.
tion of the total energy which requires that the
shock pressure decrease inversely as the cube
uf the shock radius (similarity law). On the
other hand. ii' there is a central isothermal
sphere ne similarity law holds, but we may
consider the adiabatic expansion of the isother-
mal sphere and thus determine the decrease of
the central pressure 83 & function of the radius
of the isothermal sphere. ,If we wish to apply
the method to the ci~¢ of variable y without
isotherma! sphere, we may sgain use the zon-
servation of total energy, but in this case the
pressure will not be simply proportional to
1/¥%, where Y is the shock radius.

“As has already been indicated, the applica-
tions of the method are very numerous. The
case of not very high -' k pressures ¢an alse
be included; in this ca..
shock wave does not have the limiting value of
Eq. 4-36 but depends itself on the shock pres-
sure. This does not prevent the application: of
our method as Jong as the density increase at
the shock is still very large so that most of the
material is still near the shock front,

“The only limitations of the method are its
moderate accuracy and the possible complica-
tions of the numerical work. The accuracy
seems satisfactory up to y about 1.4. For the
point source, a direct comparison with the
exact solution is possible.”

The mont significant aspect of H. Bethe's
solution is the fact that, althoagh desired for
conditious near y=1, it holds »2usonably well
for the case of y:=1.4, the standard air value.
The author shows that it agrees with von

420

he density belind the ¢
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Neumann, if in von Neumann's solution y is
allowed to approach 1.

d. H. Bethe’s, K. Fucks’ Solution for Small
Blast Pressure

Ref. 7 is &lso the source of this theory, The
purpose of the analysis was to provide an
asymptotic solution that reduces to ordinary
acoustic theory in the limit, as the radius of
the blast sphere becomes large. Another reason
given for the technique is that it may be used
to indicate a suit: ble stopping point in a purely
numerical computation. This point is reached
when solution by machine hns progressed suf-
ficiently to make numerical techniques wasteful
of machine time; because from this point,
asymptotic, nppropriate formulas are adequate.
For further infermation, Ref, 7 should be con-
sulted.

e. The Method of Kirkwood and Brinkley

Developed by the authors during World War
I1, this method differs in principle from those
mentioned above, because the authors are
specif.cally interested in the biast from high ex-
plosives rather than nuclear explosions. It is
appliceble to either air or water. The methad
is summarized in Ref, 5, and the original paper
is listed herein as Ref. 8. The report iscnein ¢
long series un the same general subject by the
same authors. Refs. 5 and 8 each give addi-
tional references.

% “The Kirkwood-Brinkley theory hzs become

somewhat of a standard for high explosive
work, and although experimental disercpancies
have been reported, it still remains one of the
best available means of approximating the

,physical nccurrence of blast.

’

The theory is bazed upon nonviscous theory
oitside shock fronts, and uses the equations

+ of motion and the equation nf contihuity in

spherical coordinates. When these two equa-
tions are evaluated at the shock front, they
represent two relutions for the unknown radial
velocity u and pressure P. and their deriva-
tives. The Rankine-lugoniot equation provides
one more relationship, making three equations
available. (It should be observed that the other
Rankine-Hugnniot equations do nct supply the
needed information, for they introduce addi-
tional state variables.)
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In developing the equations, the initial and
boundary conditions are chosen to corregpond
to adiabatic explosion at constant volume.
While these do not coincide exactly with real
explosives, the inaccuracies introduced decrease
with blast radius.

The fourth required relationship between the
derivatives is achieved approximately by re-
quiring that certain similarity conditions be
satisfied. The authors point out in their basic
report, Ref. 8, that it is futile to seek a fourth
relation between the parti.l derivatives that
does not involve a solution of the basic equa-
tions. They go on to show, however, that an
approximate relationship can be achieved on
physical grounds. The exact form of the rela-
tionship iu discussed In deteil in Ref. 3; physi-
cally, it amounts to choosing a functionsl form
for the shape of the shock wave decay, and
then determining unknown constants so that
the basic equations are satisfied as neéarly as
puasible. As the suthors point out, such a
procedure ia similar to the Rayleigh method, in
which an assumed solution is chosen, subject to
the determination of conatants,

The report concludes with a discussion of
specific procedures for computing shock wave
parameters. It should alsa be remarked that
this theory is particularly suitable for extend-
ing measured data out to greater blast radii.
This use, in fact, has become one of the major
applications of the theory.

} Thae Fictitious Viscosity Method of
J. von Neumann and R. Richimyer

In Ref. 9 von Neurrann and Richtmyer in-
troduce a significantly uew concept for the cal-
culation of flow fields bounded by, and con-
taining, shuck waves. A direct quotation from
the introduction of this b.si: paver is appoe-
priate

“In the investigation of phennmena arising
in the flow of & compressible fluid, it is fre-
quently desirable to solve the equations of fluid
motion by stepwise numerical procedures, but
the work is usually severely complicated Ly the
presence of shocks, (10) The shocks manifest
themseives mathematically &s surfaces on
which density, fluid velocity, temperature,
entropy and ine like have discontinuities; and

clearly the partial differential equetions gov-
erning the motion require boundary conditions
connecting the valves of these guantities on
the two sides of each such surface. The neces-
sary boundary conditions are, of course, sup-
plied by the Rankine-Hugoniot equations, but
their application is complicated because the
shock surfaces are in motion relative to the
network of points in space-time used for the
numerical work, and the differential equations
and boundary conditions are nonlinear. Fu -
thermore, the motion of the swfaces is not
known in advance but is governed by the dif-
ferentinl equations and boundary conditions
themselves. In consequence, the treatment of
shocks requires lengthy computations (usually
by trial and error) at each step, in time, of the
caleulation. .

“We describe here a method for automatic
treatment of shocks which avoids the necessity
for application of any such boundary condi-
tions. The approximations in it can be rendered
a3 accuraie ay oue wishes, by suitable choice of
interval sizes and other parameters occurring
in the method, It treats all shocks, correctly
and automatically, whenever and wherever
they may arise.

“The method utilizes the well-known effect
on shocks of digsipative mechanisms, such as
viscosity and heat conduction. (Lord Rayleigh
(11) and G. 1. Taylor (12) showed, on the
basis of general thermodynamical considera-
tions, that dissipation is neceasarily present in
shock waves. Later, R. Becker (13) gave a de-
tailed discuasion of the effects of heat cunduc-
tion and viscosity, Recently, L. H. Thonas
(14) has investigated these effects further in
terms of the kinetic theary of gases.) When
vigcosity is taken into account, for example,
the shocks are seen to be smeared out, so that
the n:athematical surfaces of discontinuity are
replaced by thin layers in which pressure,
density, temperature, etc., vary rapidly but
continuously. Cur idea is to introduce {(arti-
ficial) dissipative terms into the equations xo
as to give the shocks a thickneas comparable to
(but preferably somewhut larger tnan) the
spacing of the points of the network. Then
the differential equations (more accurately, the
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corresponding difference equai .s) may be
used for the entire calculation, just us though
there were no shocks at &ll. In the numerical
results obtained, the shocks are immediately
evident as near-discontinuities that move
through the fluid with very nearly the correct
speed and across which pressure, temperature,
etc., have very nearly the correct jumps.”

It should be noted that as useful as this con-
cept ig, it depends explicitly upon the numeri-
cal integration of the differential equations.
The ability to carry out the numerical solutions
has resulted from the great improvements in
computers since World War Il. Present day
machines are not only much faster, but are
more reliable,

It should be noted, too, that the present
method is much more general than the other
methods. Where ine older methods assume the
outward progress of the shock wave, they neg-
lect the possibility (in most cases) of the for-
mation of other, following shocks. In the
present method, these additional shocks are
automatically accounted for.

& H. Brode's Application of the Fictitious
¥iscosity Method

H. Brode (Ref. 15) uses the fictitious vis-
cosity method of Ref. 9 to carry through very
complete solutions for the point source method.
The author points out that solutions of the
blast wave problem are available for point
sourcestrong wave, and point source-wesk
wave. These are discussed in Ref, 7.

It will be recalled that mathematical difficul-
ties lead to the need for simplifications in the
early work. In particulur, the shock problem
of free boundaries presented an extremely dif-
fieult computational problem, With the dis-
clogsure of Ref. 9, complete new areas were
opened for study and analysis A detailed
trestment of the point source case is given in
Ref. 15.. The payer ouilines ti.e approach and
discusses the numerical integration scheme
used. A very significant aspect of the paper is
the presentation of s rather large number of
pumerical results. The prcientation is given
primarily in terms of nondimensional quanti-
ties from which detail calculations may be
made. Following are some of the resulta pre-
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sented in the report, either in the form of
curves, explicit equations, or both.

1, Particle velocity at the shock front ;)
radius parameter.

2. Overpressure at the shock front vs radius
parametar,

8. Dynamic pressure at the shock front vs
radius parameter,

4. Pressure within the flow field as a func-

- tion of time and distance, in terms of a

.time parameter and a radius parameter.

5. Particle velocity as a function of position
and time, .

6. Density as a function of position and
time.

7. Positive and negative phase duration.
That is, the times during which the over-
pressure is positive or negative.

8. Positive impulse.

0. Negative impulse.

In these presentations, nondimenaional units
for timie and distance are normally used, so
that the curves may be used for many cases of
interest.

From both & theoretical and practical comi-
putational viewpoint, this paper is highly
recommended as & working tool for blast com-
putations. The paper concludes by examining
the cas2 of a finite-gize source, and rémarks on
the basic differences in the mathenatical
models repregented by the point and finite-size
sources,

& H. Brode’s Application of the Fictitious
Viscosity Mathod to « Finite-Size Chargs
of High Explosive

H. Brode's work on solutions of the point

source method (Ref. 15) were extended to in-
clude the cas» of a finite-size sphere of high
explosive as the initiating energy source (Ref.
18). The hydrodynamic equations were solved
numerically, using the artificial visecaity con-
cept. Results are presented graphicslly in
most cases. The guthor alse points out ths
significant fact that sealing laws are iess ap-
propriate in a biast computation based on a
finitesize high explousive ch-.rge. This is true
because the boundary conditions depend on the
mass of the HE, and the effects, it has been
found, extend out to low pressure levels. The
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suthor presents as a working rule that usual
scaling methods (Sachs) will be adequate only
when the radius of the primary shock sphere
ic equal to or greater than that necessary to en-
close a muss of air equal to ten times the initial
mass of HE,

4-2.3.6. Scaling and Damoge Porometers

The parameters of interest in blast computa-
tions, discussed in previous paragraphs (see
aleo Ch. 2, Sec. IV) are listed and summarized
at this point. The parameters of greateai in-
terest are those which relate divectly to dam-
age. It has been found that these include peak
pressure, positive duration, negative duration,
positive impulse, negative impulse, peak nega-
tive pressure, and dynarmic pressure. The peak
pressure is most obvious, It corresponds to the
value of the preasure given by the passage of
the main shock wave. The cther quantities are
defined in the following way.

Consider a specified point in space. At this
point, the pressure will vary with time aftor
the passing of the initial shock wave. The time
during which the pressure is positive relative
to initia! ambient pressure is called the dura-
tion of the positive phase, and is denoted by

. (Static pressure minus ambient atatic
pressure is defined as excess pressure.) A simi-
lur definition is given for the time during which
the excess pressure is negative. This time is
called the duration of the negative phase, aud
it is denoted by D~,. Sometimes the terms, du-
ration of the positive (or negative) phase for
particle velocity, zve used. They are frequently
denoted by D*, snd D-,, and are the times dur-
ing which the particle velocity at a given point
is either pusitive or negative.

The dynamic pressure {per unit mass is im-
plied) is defined as 1/2p u?, where p is density
and u is the particie velocity. It should be noted
that these are both functions of time and posi-
tion,

The impulse quantities are important in esti-
mating demage; they are defined by the rela-
tions,

D
Doy [ APdtmPositive Impulse (4-87)
[}

where AP is the pasitive overpressure, and D-,
has been defined. It is also of interest to define
the integral of the dynamic pressure. It is
given by

D+,
gy f puidtamDynamic Impulse. (4-38)
The neygative impulse is defined by

D,
I-ym f (aP)at, (4-39)

Brode, in Ref, 15, states that the negative im-
puise can be approximated to an accuracy of
within & per cent by

In=§{aP.) (D) (4-40)

where (aP.) is negative excess pressure ss a
function of time.

It should be emphasized that all of these
quuntities are functions of both pesition and
time (except, AP maximum and nminimum).
Normally, they are evaluated at a fixed print
in space as & functlion of time. The numerical
values 8o determined will be different at differ-
ent points of space.

The shock wave and flow tiald parameters
may be calculated for any paiticular case by
using the formulas and curves of Refs. 7, 15,
and 18, for example. In particular, the graphi-
cal presentations given in the latter two refer-
ences ave quite complete. In usiug the curves
and formulas, however, attention should be
given to the stated range of applicability of the
data. .

4-24. (U) Scallng Laws

42.4.1. Intreduction

Considering the diffically, time, and expense
of conducting explosive tosts, it is highly desii-
able to have analytical techniques for predict-
ing blast effects, In previous paragraphs some
of the various techniques were outlined. An
slteraative approach which has proven very
successiul is the development of scaling laws.
These laws deperd on similarity considerations
to provide formulas by which blast effects can
be predicted for a given set of conditions if the
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blast sffects for some other set of conditions
are known. The great utility of suck formulas
is obvious.

In these paragraphs the fundamental scaling
laws of Ref. 17 will be deduced and briefly dis-
cussed. Although the resuits are the same, the
maethod of derivation presented herein differs
from that given in the reference. A relatively
complete derivation is presented, because a dis-
cussion sufficiently elementary to satisfy the
aims of the text does not appear to be availnble
ir the literature,*

The deduction of the scaling laws will be
based on dimensional considevations. That is,
the equation which determines the fun:tional
relationship between the biast parameters must
be dimensionally homogeneous. An enquation is
said to be dimensionally homogeneous if the
form of the equation does not depend on the
units of measurement. Thus, taking a simple
example from Ref. 18, the equation for the
period of a peadulum,

T=2¢vL/7

iz true no matter what units are used to meas.
ure time and length. Time may be measured
in days, seconds, years, etc., and lengths may
be measured in feet, inches, centimeters, etc.
However, if g of the equation is giver. the value
32.2, the equation is nc longer dimensionally
homogencous, because the number 32,2 implies
that length is measured in feet and time in
seconds. Noting that the pendulum equation
may be written

T/VL/_y==2r

it i3 seen that T/yvL/g is a dimensionless
grouping of the variables involved.

4-2.4.2. Buchingham's Theorem

From the discussion of the preceding para-
graph it may be inferred that any dimension-
ally homogeneous equation can be reduced to a
relationship between one or more dimensicnless
products. This is, in fact, the case. A some-
what stronger statement iz the well-known
Buckingham Theorem; the following formula-

* Tha baals of thess parsgraphs on sculing laws is sn
original treatment by Dr. Louis F. Doty, compiled ex-
pressly for inclusion in this publication,

tion being taken directly from Ref, 18, where
a proof of the theorem may be found.
Buckingham's Theorem states that if an
equation is dimensirnally humogeneous, it can
be reduced to & relutionship among a complete
set of dimensionless products. In order to dis-
cuss this theorem, we note that any furmula
depends on certain variablea. If these variables
are grouped into a product such that the funda-
mental dimensions mass (M) length (L) and
time (T} all cancel identically, then this group-
ing of variables is called a dimensionless prod-
uct. In the pendulum example just given, the
product T/vL/g i3 a dimensionless product,
because in terms of the fundamental dimen-

* ajons of Jength (L) and time (7'), we have

.
T/VL/ g~ =1

where the symbol “~" is used to mean, “the
dimensions of."”

A set of dimensionless products of given
variables is said to be complete if each product
in the set is independent of the others, and if
every other dimensionless product involving
the same variables can be formed by products
or powers of members of the set,

At this point In the discussion it is postuluted
that every equation which deseribes a physical
situation corvectly must be dimensionally ho-
mogeneous. (In this connection, refer to the
discussion in Ref. 18.)

4=24.1. An Applisd Exumple of Buckingham's
Theorem

In order to apply Buckingham'’s Theorem to
& physical pooblem, it is first necessary to
define the set of variables involved. This is
usually not an easy task, because a complete
knowledge of all variables involved would im-
ply & thorough understanding of all the physi-
cal processes involved. In many cases the task
is simplified, however, because experience will
have shown that certain variables are impor-
tant, but that others are relatively unimportant
for the application contemplated and can be
neglected.
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To illustrate the point, consider the resist-
ance to an object moving through the air. Buth
theory and experiment show that the resistance
depends on the shape of the object, the air
density, the velacity, the air viscosity, and the
compresaibility of the air. However, it is also
known that if the apeed i3 neither too high nor
too low, the effects of viscosity and compressi-
bility, as variables of the problem, can be neg-
lected, Accordingly, for the degree of approxi-
mation considered, the equation

F=f(p, V. D)

may be written, where f is a general, unknown,
functional relationship stating that the resist-
ance F depends on the density p, the speed V,
and a charactesistic length 2 (for & set of geo-
metrically similar objects). No indication of
how p, V, and D are involved in the function is
implicd, as yet. One way of determining the
functional relationship is to set up and solve
the appropriate physical equations, based on
the laws of mechanics, thermodynamics, ete.
Since such solutions are frequently very diffi-
cult to obtain, it is worthwhile considering If
any other information exists’ which will help
formulate the functional relationship. Tt is a
remarkable fact that the requirement of dimen-
sional homogeneity, alone, is often sufficient to
provide a partial solution to the problem,

As an example, consider again the functional
form

F=f (s V. )

in which the variables have beenn previouvs-
ly defined. In order to satisfy the require-
ments of dimensional homogeneity, the varia-
bles will be grouped into dimensionless products
as required by Buckingham's Theorem. To do
this it will be sufficient to eliminate the dimen-
sions of mass (M), length (L), and time (7T
from both sides of the equation, This will be
accomplished one step af a time, by dividing
both sides of the equation by a variable or com-
bination of variables which eliminates the di-
mension under consideration. First, note that
the variables have the following dimensions,

F = force ~ ML.T»

p = density ~ ML

V = gpeed ~ LT

D = length = L

SNy
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where, as before, the aymbol “~" denotes hus
the dimensions of.” Next, note that Newton's
law,

force = mass X acceleration
or

FM ({.‘;)= MLT>

has been used to relate force to the fundamen-
tal units of mass, length, and time, Inspection
of the equation and the dimansion of each vari-
able shows that mass occurs to the first power
in F' and p. Hence, if both sides of the equation
are divided by p, mass will be eliminated on the
left side. Thus,

r
LIS Y
[ 4

Since V and D do not contain mass, they will be
unaffceted, Further, because dimensional ho-
mogeneity is required, any mass terms must be
removed from the right aide &a they were from
the left. Accordingly, the mass term (density
in this case) on the right side must cancel itself
identically, bocause there cannot be a dingle
mass term in the equation and atill preserve
homogeueity. Thus,

%f(,-. ¥, D)=¢(V, D)

where ¢ is another arbitrary function. Since
the functional form is arbitrary we may con-
tinue to use the symbol f for brevity, without
fear of confusion. The equation with mass
eliminated as an explicitly appearing variable
now reads,

Eotv.py
»

in which it is observed that *he dimensions of
F/pare
F ML+
e everanm SR
r MNL®

Length will next be eliminated from the
equation. On the right side, both V and D in-
volve length. The length dimension may be
sliminated by using either of these; for {llus-

LT,
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teation, D will be used. Dividinc both sides by
D+, to eliminate length from F/, gives
R |
pD* Dt
but since V involves length to the first power,
the equation is written as

2’
{(V.D)=f (B--D-D)

whare V/D is now free of the length dimension,
requlting in

F 1./V |4
sD* D‘f( D'D) \P(ﬁ--ﬂ)-
Once again, the right side must be inde.
pendent of D because it is the only length term

in the equation. Therefore, the dimension
length must cuncel from the right side identi-

cally, giving
F 1 4
— f .
(7 )
The next dimension of concern is time. Ob-

mvingtmuudimm”f-%u

) 1 =
-——-'PD. L T"E— )
and the dimension of V/D iu

V

-

thl time dimension la elimiutnd by dividing by
(—)' resulting in

_f’,—_)—(-;_)f (5)(3)

Since the left side is now fres of all dimensions,
the right side must be also, and (V/D) must
cancel identically. Writlng f(1) to denots a
dimenaionless quantity, the final result upon
slving for F is

F=p D0 (1)

which gives the relationship that must be satls-
fied by the variables. (The technique of dimen-

sional analysis which has been described hereir
is given in Ref. 19. Although it is a known, and

-particularly straightforward technique, it does

not appear to be well-known In the engineering
literature.) The constant f(1) may be deter-
mined by experiment, and it is knuwn that F
depends upon the product (p D* V?), in the par-
ticular combination given, and is not dependent
upon purely arbitrary values of p, D, or V. In
other words, the resuit states that individual
variations in p, V, or D do not affect the value
of F, provided the product p D V¢ remains the
same.

This example serves to demonstrate the
great power of dimensional homougeneity. It
serves, also, to demongtrate the neceasity of &
prior knowledge of the physical variables in-
volved. For exumple, suppose experiments were
conducted on a4 set of yeometrically similar
objects acting at different speeds. If the speed
range is one whare compreusibility and vis-
cusity are unimportant, it is found that F/p
Dt V* remains & constant for different combina-
tions of p, V, and D. Next, suppose that the
test speeds are successively incressed. A point
will be reached at which

_F_
=)

no longer is a constant, but becomes a function
of something. Dimensional considerations,
alone, wil give no clue as to the identity of the
unknown dependence., However, if the basic
differential equations of compressible flow are
inspected, it is seen that the speed of svund, 4,
is a messure of compressibility. With this un-
derstanding, the equation is written as

- F-f ('p V.Dl d)

where it is now assumed that the term ¢ is an
important parameter of the problem. If dimen-
slonless products are formed, as illustrated
sbove, it is found that

Fmy D* v'f(_aV_)

where the function f {s now not a conatant, but
iz o function of the ratic ¢f tha spesd to the
speed of sound. The quantity (V/a) is called
the Mach namber.
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A cet of experiments will now yield the re-
sult that f, although not a constant, depends
only on the ratio (V/a}, rather thanon Vora
alone. Furthermore, dimensional considerations
have showa that f does not depend on 5. It is
now seen that dimensional considerationa coin-
bined with a knowledge of the physics of the
problem have produced a remarkably useful re-
sult, For an entire famijly of similar objects,

F R 4 ,
YT may be plotted against - to provide &
single curve {of the form shown in Fig. 4-11}
which is valid for presenting resistance data
over ¢ wide range of speeds.

The simple example just described serves to
introduce the technique of dimensional homage.
neity. It also points up the need for caution
in the use of the technique with blast scaling
lawn: these laws should be used only within the
range of their demonstrated validity, Ex-
pressed in another fashion, if parameters not
accounted for in the blast analysis become im-
portant' under certain conditions, the rnalysis
can not provide good results under these condi-
tions.

4-2.4.4. Deduction of Blust Scallng Laws

The scaling technique in blast analysis s
used to predict performance from the anslyzed
results of previous tests. The anaylzed data is
used with general equations (scaling laws)
which are established for each blast parameter
of interest,

fiow, and with a knowledge of the physical
phenomens involved, it is reasonable to assums
that the pressure at any time und position,
following the pamsage of & apherical shock
front, depends upon the following variables:

MLT=
T

P,=ambient pressure of fluid before blast
~ML T

E,=internal energy of the explosive
~MLT-»L=MLT+

6,=ambient temperature of fluid before blast

Prpreasure in the fuid ~ ML T

.-.E.-.-Ll!“!
P

R=distance frorm blast point ~ L
{=time after blast ~ T.

It is noted that temperature, 8, is not an
independent dimension, but is related to density
and pressure by an equation of state. The fune-
tiona] relationship may be written

P=f (P E, 0, R, )

where all varigbles have been defioed. Using
the technique deseribed in preceding pars-
graphs for forming dimensionless products, the
dimensions, mass, length, and time, are elim-
inated, in that order, to give the following se-
quence of equations:

Suppose it is desired to develop a scaling law -;--f(-gi.o..k.t)
for the prossure in the fluid following the pus. ’ .
sage of a shock front caused by & blast, From P 1 E, L
a study of the differential equations of fluid - e
i f_ - E, & ¢
o 7o \werr
{
> { &, (A
*’a F el ek
_I_’_ oy E. a0
P, '\BPP.' I
v L Le
Figwe 4=11. Resistance vs Moch Nember BT
e ‘ &21
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Note, that in applying the mothed of dimon-
sional homogeneity, the equation

f—:, E‘ b i
P, R'P,’ R

was obtained by eliminating the dimension of
lengtin from the previous equation. The vrevi-
ously discussed argument was used, that E
muat cance] itself identically from the equation;
otherwise, it would be the only term pa either
side of the equation containing the dimension
length, This clearly would violate the reguire-
saent of dimensional homogeneity. In the sume
equation, the dimension of time occurs on the
right side, but not un the left side. There is
no violation of principle, however, since there
is more than one term on the right side con-
taining the dimension time, and the require-
ment of identical canceling does not exist. That
is, identical canceling is required only whem
one term would otherwise remain in the entirv
squation.

It may be seen that the dimensionless prod-
ucts of the last equation are independent, be-
eause each contains a variable not contained in
the others. Further, because the oripinal six
variables were combined by eliminating three
dimensions, it is ressonable to expect three
dimensionleas products. For convenience, let
these dimensionless products be called » to
connote an absence of dimensions, and give
them distinguishing subscripts. Thus, et

P
wy = —
- .
“=FF.

o, t*
R

These ='s aatisfv the requirements of Bucking-
ham'’s Theorem, but the theorem zlone will give
no further aid in determining the best form for
@ presgntation of results. That ls, while w,, »s
»: Are & complete set, they are not necessarily
the most useful such set. A Different complete
seis may be derived by combining »y, =y, 4nd w,,
snd the most vseful set can be selected only
after a study of tne physica of the problem,

" =

The equations in this particular case are the
equations of fluid flow. ‘These are parcial differ.
ential equations in which digtances and time
are each independent variables, and p is a de-
pendent variable. Further, E,, P,, uud 4, are
known conditions in any test. These commentz
imply a desirability of having, if possible, a
complete set of »'s, esch of which contains only
# L or R, tuyether with the kuown variables,
Nute that », and v, each satisfy this aim, but
w, does not, because it contains both ¢ and R,
This may be remedied by solving =, for R and
substituting that value in ».. A more symetrical
set is given by Sachas in Ref. 17. His groupings
can be arrived at in the following way; let

A2)" e

P 113
wexw, '!|=(‘E;: ) g g,
[}
Then, taking »,, v, and =, 8a the completo set,
we have

= [ (g we)

ot (5 ) (5w
(441)

The last equation is the famoun Sachs scalioy
law, given for the firat time in Ref, 17. It is
noted that Ref. 17 interpreta E, as the weight
of exploaive, W,. This is an equivalent state-
ment, for W, is certainly. proportional to E,
for a given class of exploaives.

It is emphasized that tho scaling laws were
derived for free alr bursts. Thuy are applicable
to bursts in the presence of ground reflectiony
only by proper .allowance for the rellection
effect. For a discussion of thesa effects, Ref.
17, and the reports listed in the bibliography
may be consulted.

In words. the acaling law, Eq. 1-41, states
that the pressure measured in units of ambient
pressuzre is the same for all couditions which
make the functional relationship have the same
numerical value, This will certainly be truw

or
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if each argument of the function has the same
value for the set of conditions under consider-
ation, Thus, #/P, will have the same value for
two different sets of conditions, provided
(P, 'EJ)* 9,0 have the same value in esch

. condition. Specifically, suppose two successive

tests are conducted, and let the two tests be
designated by “a" and “b,” respectively. Simi-
larity then requires that the pressurce ratio will
be the same in ecach tust, &t corresponding
positions aud times given hy

(P o AL

—e by — I {4-42) -
Eyr (A Y2 )
(P, AP
CARE (E)”t. (u.).“(E)mh..
(143)

Several conclusions may be inferred from these
scaling laws. Dividing the first equation by the
second yrives
R, In
U‘c).‘,’ R UR Fak ) )

Suppose, for example, that test “h*” is conducted
and thut test “a” is then conducled under the
same  ambient temperaiure conditions; the
scaling law reduees to

R, R

tl ti
Thix rquation stutes that if the pressure ratin
P/P is observed st distance B, Cruin explosion
5" at time 4, then the suno pressure ratio
would be observed at distance R, from explusion
“2" at time ,. Since I iy the distance the proa-
sure wave travels in timo ¢, R/t i3 the speed
of tha wave. Thus, waves from two different
explosions travel at the same speed, provided
tho ambient temperature is the aame in both
cases. This would be expected from acoustic
theory, 1f the ambien\ temperatures are diffur-

ent o the two tests, we have

8, \
V.=(—-) v (444)
.,

where V has been written for E/¢. This equa-
tion statas that the speed of the wave varies
directly as the squarc root of the absolute

temperature, This is ulw in agreement with
acoustic theo:y, which derives the fact that the
speed of sound varies directly with the square
rout of the absolute temperature,

These considerations show that the scaling
law, with regpect to the speed of tranamission,
behaves corvectly when the blast wave has
moved sufliviently far from the source to be
moving ut a speed near the speed of soun:l.
Conversely, the sealing law would be expected
to be jess reliable in the close vicinity of the
expiosion, where the blast wuve ia moving
much faster than a soun| wave,

RNeoturning to Eqs. 1-i2 and 1-13, the rela-
tionships are more clearly displayed by rewrit-
ing the equations in the furm

P‘ g E’a 13
B _(2) (- A48}
k \P, ] \E,
b g.b "a P.‘ V- E.' (%2
Za(-=) [—] (2] w446)
tt 60 . P . Eob

Cunsidering a numerical example, suppo-e
an explosion “b” oceurs which is caused by &
charyge of cnergy (or weight) E,,. under the
ambieist condition (P,), and (0.).; the pressure
(P/P.} of this explusion ix vbserved tv occur
at distance B, from the charge, at time 4. Now,
let an explosion “a™ nccur in which (as a nu-
nwrical exampie) the cherge is three times i
grent, the ambiunt pressure is oneialf, and
the amhient absolute temperature ig vighty ner
cen! ul the value of test “b”. Then the pros-
sure ratlo (P/P.} will be numerically the same
at the distance ratio

R“ () II.- e
- — = (2 1 ‘ 1 o= N
(4)- e in
and at the time ratin
1

(';:_) = (Fi)m wn s M,

Thus (for example) if (P.), is 115 pounds por
square {nch and (P). Is 18 pounds pear square
inch, and I[ the ratio (:—) =E-1.2 ]

observed to oceur at n distance Ra i 6.000 foot,

abRERET...... 4-20

INCLASSIFIED

e ————

R e T e R



\J\\\C\.ASS%%FW —

at time ¢, = 6 sevonds after the explosion: then
the same pressure ratio will be observed in the
“a" explosion at a distance of

R, = 1.92 (6,000) = 10,900 fect
at & time after “a” explosion of
t.=2.04 (5) = 10.2 seconds.

In order that the pressure ratio be the same,
the actun! pressure in the “a” explosion ob-
served at R..f,, is

p=(2).r-= (_”_) P..
\ P o ju P e/
In the statement of the problem, it was given

that P, = %—P. . = 7.5 pounds per square inch.

Expressed numerically, therefore, the resuit is
P. = 1.2 (7.5) = 9.0 pounds per square inch.

To consider another example, let the ambient
temperature be the same in both cases. This
moaag that the speed of wave transmission is
the sume at the scaled distance, R.. as it is at
the reference distance, Ry. The direction of the
pesitive Jor negative) phase of pressure will,
therefore, be the same in both explosions. In
this case, the impulse computed at the scaled
distance /. is related to the .impulse at the
refurence Jistance R,, by the relation,

E._ 13
In -I. ('ﬁ)

for the same ambient temperature and pres-
sure. {The impulse is the excess pressure inte-
grated over the time interval of positive pres-
sure duration.)

£ both ambient pressure and temperature
are differcnt in the “a™ and “L" explosions, an
expression for I ¢an be developed from the
first principles. Since impulse is an integrated
phenomenon, it does not explicitly depend on
the time, and the functinnal relation may he
written

I:"f {Pe, Eo 81

whore all independent variables have been de-
fine:l, and impulse is dofined as the integral of
prossure over o time interval, Its urits are,
therefure, sriven by, ML+t T+, Procceding in the

4.30
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manner previously discussed, dimensional

homogeneity requires thut
I (e.)'f’_/( E, )
P, R P R

and there are two non-dimensivnal groupings.
A more useful set is obtained by using the cube
root of the parameter E./P.R’, and by then
eliminating R from the other paramet.-r. The
final result may be expressed as

1(9.)“: _ P'I.4 , \
regr! (5 )
13

in which it is seen that ‘he parimeter —— R
is relained in the same form as in th- previous
formula. Impulse scaling, therefore, requires

()

Pul/.A
for a given value of on R. In this formula, as

before, “a” and "b” denute two different ex-
plosions.

By virtue of the assumptions made in the de-
rivation of the scaling laws, they should be
equally applicable to nuclear explosions as well
as tn chemical explasions. Numerous cxperi-
ments have verified that this is true, at least
approximately. Further dJiscussion «f scaling
of the type discussad herein is given in Refs. 1
and 20.

Information of a somewhat different nature
may a'so be obtained from the scaling Jaw, Eq.
4-41. For example, if the intercst is in the pesk
pressure, time is not a parameter of the prob-
lem, and the scaling law reduces to

Pa . ( P\
7. I\E) R
where P, is the peak pressure observesd at a
particulur radius R.
The scaling law given in Ref. 17 states, that

the pressure ratio (P./P,) will be observed to
have the same value for any explosion in which

(1-47)

the dimensionless parameter, ( g) w R, has

~HROREY
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the same value, Obviously, then, for a given
ambient pressure and charge, P,, will vary with
R. Dimensional considerations alone will not
eatablish thig functional relationship; howevcr,
dimensional considerations may be used to gen-
eralize an experiment in the following way.
Sup, ose that & charge is exploded and that
the peak pressure i8 measured at a set of sta-
tions at varying distances from the charge, I
an empirical equation is deduced from cor-
responding P, and R data, dimensional homo-

P A

geneity requires (P./P,) and ( -—’-) Rtobe

the parameters of the problem. A3 an example,
if an empirical law of the form
P.=K/R*

{where K is a known numerical constant) fits
the data of the particular test, dimenaional
homogeneity permits the equation to be written,

K,
P
7 (&)

where K, is a non-dimensional constant to be
determined. Evaluating P, and E, in this tast
equation for the conditions of the teat, write

P.=K, K,/R"*
where K, 13 # known numerical value given by

r,
K:= [ . "H] test ﬂmdiﬁoni
( E. j

Then. from the two equations for Py,
K=K, K,. /
From this is obtained
K.=K/K,

in which K and X, are known, The generalized
equation may then be written as
K,
P A i
ozt R
P, \TE.
whaere K, is now a known non-dimensional con-

stant. This equation may now be used for
various conditions of P, and E,, and it is seen

that dimensionc| considerations have permitted
a userul generalization of a single test.

In spite of the great utility of the Sachs
scaling laws, it should not be inferred that ail

. blast phenomena can be predicted from them.

It has beea shown that their derivation {s based
on simple assumptions that neglect the finite
burning time of a finite size charge, th> possi-
hility of secondary shock waves (which are
known to exist), and numerous other effects
that are most pronounced in the vicinity of the
charze. From these considerations, cne would
not expect perfect scaling in all cases, How-
ever, it is an established experimental fact that
the laws are remarkably accurate for a great
many practical predictions,

#=2.5. (U) Effechs of Envirqument or dlast
Wave Paremeters for Nuclear
Explesions

4-25.1. Effects of Althiude,

The relations betweer. overpressure, distance,
and time that describe the propagation of 2
blast wave in air depend upon the ambient at-
mospheric conditions, which vary with altitude.
In discussing the effects of altitude on blast
phetiomena, two cases will be considered: the
point of burst and the target are st the same
altitude; and the point of burst and the target
are at different altituded.

For a surface burat (the first case), the peak
overpressures at a given distance from the ex-
plosion will depend on the ambient atmospheric
pressure. This wiil vary with the height sbove
sea level of the surface at the point of burst.
With increasing altitude of both tarpet and
burat polnt, the overpressure at & yiven dis-
tance from ground zero will decrease. Cor-
reapondingly, an incresse may be expected in
the arrival time of the shock front and in the
duration of the positive phase.

The offect when the burst and the target are
at different altitudes is cousiderably move com-
plex. Since the blast wave is influenced by any
changes in air tentporature and the preasure of
the atmosphere through which it travels, varia.
tions occur in the pressure-distance yelationship
at the surface. Within the range of significant
damaging overprcasures, ihess varistions are
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Sl g e emerey adedd of the weapon is low,
e v, for livae weapons, where the blast
Wave i over aparcciably longer distances,
st ant vaiativn< may ve ospected. Tn order
1o tuake paocise exiculations, a detuiled knowl-
wdve af thie atinesyiore on the Jlay of detona-
- tien woand be nwcessary (Ref, 1), For o
mathiciatical -cussion f the effeets of alli-
e refor e e 1200

4=2.5.2. Eflects of Topography

Iovew billy oond vicsee fend Lo both increase
ami . rease olr bt effecty, dupemient on the
eond.iion . The inersa - or decrease of peak
.werpressure values sccm- " Jdepend on the
vange in 2lepe of the land nmu- Trom the hori-
sontale Ui i Furvang - de of very steep
shae- there may be o <harp increase of pesk
mierpressiire 1Up te A L.otor of twa), for a
~hort durazion, as a result of the reflection
proces-. .\ reluction in peak overpressure may
L expected on the reverse side of very steep
elope~. In peneval, the vapiation in peak over-
Jress e at any point on a hill, from that ex-
pected if the hill were not present, depends on
the size of the hill and it~ ovientstion with
gronnd zern, The effecta of terrain are not
eviceted to be a signitiear; factor in the dam-
age cause! 1o many types of <tructures, be-
cause the :ime in‘srval in which the pressure’
increases or decrv.ses in short compured with
ke duration nf the positive pressire phase.

It io #ir0 important to emphunize taut biast
cffects 21n- no! depordent upon lineof-aight con.
sideratinza, The fucl that tie point of expio-
sion cannot be =-on {rom L-hind an obstruction
by no means juplies 1hat the hlast wave eannot
be felt. Blast waves can easily diffract (bend)
around appurent comtructions.

The departure frem ide:lized or fiat terrain
presented by o v comblex may e connidersd
a8 an aspect of toperrapny. It is to be expected
tha' the presence of manv closely grouped
buildings will cause Jocal changes in the blast
wave and, in particulav, e dy: ~tric pressure.
Although some shicheng ma mesi at certain
points hecan<e of intervenm: objm-t< and struc.
fures, in uther wrcus muitiple reflectivns be-
tween huildings. and channeline caused by
atreets, may tend 1o achualle inere.ce the over-

1352

v

pressure and dvnnmicpmsure On the whole, -

it is expected that the.local incremses in dam-
age. will largely .offset the local decreases in
damage, and the resuiting effect of structural
protection will be relatively smull (Ref. 1),

422.5.3. Efects of Surfoce Cenditions

For a given height of burst and energy yield,
variations in the blast wave charucteristica will
occur which are caused by the type of surface
over which the weapon is detonated. A certain
amount of energy loas will occur for low air or
surface bursts where i shack wave is produced
in the ground. For air bursts. the nature of the

reflecting surface can aflect the pressure-.

distance relutionship and the development and
wrowth of the Mach stem. These mechanical
effects on the blax wave, h wever, are rather
small, and have li:*:e inthience on the damape-
producing characteristics of the blast phe-
nomena. :

"articulate matter, such as rocks, boulders,
ete,, picked up and carried along by the blast

front, may cause additional dirnage to the tar- -

get. These vhjecta do not necessarily affect the
averpressures at the wave frunt, although in
extremely ‘dusty arvas, ennugh foreign mntter
muay be present to affect the dynamic pre<~ure
to i certain degree. The end offect on the tar-
got would, huwe: er, be of littie eonsequence.

If the explosiun oceurs moderatels near the
aurface, some of the eneriy it transferred into
thie rround. As a resuit, a minor oscillation of
the surface is experienced and a mild ground-
shock wave is produced. The pressure acting on
the earth’s surface is transmitted downward,
with the principal stress in the soil being nearly
vertical and approximately equal in magnitude
to the air blast overpressure. For relatively
high air bursts, where Jarge blast pressures do
not occur at ground zero, the effects of ground
shock will be negligible. In the case of a sur-
face burst where cratering occurs, the situation
is quite different (Ref. 1). Cratering is dis-
cussed in Par. 4-3.3.1, following.

4254, Effects of Meteorological Conditiom

Mois*re in the air and air temperatures are
cnnsidered here in terms of their effects on

blast. Although the presence of large amounts
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Shepynas.

of moisture in the atmosphere may e  the
properties of a blast wave in the low ov: 'res-
sure regions, the probability of encr: =ring
proportions of water vapor significan: cnough
to influence the amount of dumage 14 conmids
ered to be quite ama:t.

Differences in ler—~~rature of the atmos-
pheric layers have been noted us causing some
interesting blust ef'-.:x  Window breakage,
light structura! damiage. and nuise have been
experienced at distances -reat enough so that
these effects were nut expected, under suitable
meteorologicad conditiong, These phenomena
are vaused 11 “he atmosphere bending the blast
wuves back . . sarth, \n one ot several ways.

if there 18 . Jdecreuse in uir temperature at
increasing distance from the ground, such as
usuzlly vccura in *he daytime. combined with &
wind whose velovity incresses at a rate of more
than three miler per b-.ur for each 1,000-fout
incrense in altiiude, the blast wave will be re-
flocted back to the ground before it has risen
more than & few thousand feet. When the con-
ditions are such that several shock rays con.
verge at one location, the blust energy concen.
trated at this position is greatly intensified.
Under usual atmospheric conditions the direct
striking focus is limited to & distance of about
eight or ten miles from the explosion; but
under these condilions, the blust energy may be
refocused and cause damage at much greater
distances.

A similar enkancement of pressure and noice
has occurred at even greater distances from
large explosions. This has been attributed to
downwurd refraction and focusing of the shock
rays by & layer of relatively wurm sir. The
warm sir layer is generaily referred to as the
ozgnoaphere, and Is situuted at a height of from
25 to 40 miles. Repeated reflection by the
ground eud refraction by the ozonosphare,
causes the shock pattern to be repeated at in-
tarvals, thus greatly extending the effective
radius of the shock wave (Ref. 1).

424, (3) Preseatation of Nucleur Blast Dote
2.1 (U} QGeners!

This paragraph provides repruacntative ex-
amples of nuclear-blast, reference-data graphas,

673822 O-&3—10

such as are used ‘o estimate the damsge which
might be expected to occur at a particular
range from a given explosion. Frum graphs
and curves such as these, the values of blast
wave properties at the surface can be caicu-
luted, and the results can be used to determine
the loading &nd response of a certain target
(Ref, 21).

The graphe (Figs. 4-12 through 4-15) pre-
sent the properties of Lhe blast wave for a one-
kiloton nuclear explesion in free air, at stand-
ard atmospheric conditions, as a function of
slant runge. Instructions are provided for the
use of ench figure, and an example is given to
illustrate their use.

Reference should be made to TM 23.-200 (Ref,
21), which provides comprehensive, graphic
coverage of the aigmificant nuclear blast wave
properties.

In addition, Par, 4-2.6.6., following, presunts
a discussion of scaling between high-explosive
{Pentolite) and nuclear explosions.

4-2.6.2, {(C) Instructions for Using Fig. 4-12,
Time of Arrives of Shock Front
a. Scoling Precedure
To caiculate the distance and ’ime of shock
arrival for a yield gther than 1 KT, use the
following scaling:
Lt War o d,
B P e i d
., Wi d,
where ¢,=time of arrival of shock front from
explosion of yield W,KT at range d,, and {,=

time of arrival of shock front from explosion’

of W,KT at range d,.
b. Exampls
Gilven: A 100-KT burst in free air.
Find:  The time of arrival of the shock
front at 40,000 feet.
Solution: The corresponding distance for 1
KT is,
gt X Wi 40000 X 1
‘-_-Wlul ( 100 va
From Fig, 4-12, the time of arrival ¢, fora 1
KT burst at 8,600 feet is 7 seconds. Thus, the

=8,600 feet.

RS 4-83
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time of arrival of the shock froat from a 100
KT detonation at 2 distance of 40,000 feet is;

—-;?l v i
=325 (=4.8) seconds.
¢. Reliability

. Times of arrival obtained from this curve are
considered to be reliable to =15 per cent (0.1
KT to 104 MT).

4=2.5.3. (C} Imstructions for Using Fig. 4=13,
Peak Orerpressure
& Scaling Procedure

This curve may be used to predict incident
pressures near the luxjface. from air bursts oc-

ARRIVAL TIME (sec)

(] 2000 4000 6900 0,000

curring at heights up to 40,000 feet. To caleu-
late the distunce to which a given overpressure
extends for yields other than 1 KT, use the
following scaling:
d, _ AL
z- w_‘u:
where d,=distance at which a given overpres-
sure occurs from an explosion of yield W, KT,
and d,=distance at which the same overprss-
sure occurs for an explosicn of yield W, KT.
This scaling is often referred to as “cube root”
scaling.
b. Ezample
Given: A 100-KT detonation in free gir.

*‘"t‘iF‘ﬁ *m "ﬁi
@'ﬂm“ii

12000 14000 19,000

SLANT RANGE (%)

Figure 4=12(C). Time of Arrival of Shock Froat va Siaal Ronge, for o 1-XT Yield
| | in o Homogensous Sea Level Atmosphere {U)

— g —— .
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Find: The distance to whick 7 psi over- For ranges leas than 1,000 feet (overpres-
pressure extends. sures greater than 7 pai) the values of peak

Solution: From Fig, 4-13, 2 1| KT-burst pro-  overpressure obtained from the curve are con-
duces 7 psi at a distance of 1,000  sidered reliable to =5 per cent. This portion of
. feet. Scaling to 100 KT: the curve is based Iargely on analysis of data
’ 1000 1 1000 X (100)v® obtained by high-speed phohomphv For over-
7 “'(loo),,,OI'd“ 7 pressures less than 7 psi, the curve is based on
: dnta obtained with pressure gages located near
=1000 X 4.64=4,640 feet the ground. The reliability of this yortion of
¢ Reliability the curve is estimated to be =30 per cent.
SLANT RANGE (N}
. 1,000 160,
10,060 pyrpr »
E :
: S I i i
1t + 4 :
i L2 t;" 1C- ; i [ ll,‘
: ZEait i e
000k 2k ' & i o .
ig | i i i
w 7 : i “
: J a
£ o o
: ' ¥
: 8
% = e s
H = gt a
00 vihivs . .l ' e ' o
' + ' o
"l;--- lOO] M%g'
SLANT RANGE ()

Figure 4-13 (C). Peck Ovarpressure v3 Slant Ronge, for a 1=KT Yield in a Free A
Homogeneous Sec Lavel Aimasphers (L)
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4=244. (C) Instructions for Using Flg. 4=14,
' " Duration of Fo

titive Pressure
Phuse :

o Scaling Procedure
To calculate the duration of a pasitive pres-
sure phase, at any given distance, for a yield
other than 1 KT, use the following scaling:
tl' "l‘v: d.
t I W;‘ 3 dg
where ¢,*=duration of the positive phase for
vield W, KT at distance 4,, and t;*=duration of
the positive phase for yield W, KT at distance
F 1)
b, Example
Given: A 160-KT detonation in free air.
Find: The positive phese duration =t
27,000 foet,
Solution:
: d‘_W.V' X de 1 X 27,000

50y = 5,000 foet

[V‘ w3

0.60gm

?!&ﬁlﬂﬂﬁﬁimiﬂ&ii@

DURATION (asc)
[ 4
8

Q.20

wio

3000 4,000

i B A G SRR s e (e BT B B R e bt B
‘i‘hl i i

ﬁu manw&mmmmmmm&m i
e e
\;LFHWﬂw%ﬂmW%mhﬁwﬂﬁwﬁ

e MLWP;E!ITFE""EEWEH@%%EE%
“:;,i;ggw

it

izuuzx,

i
o
Eumhugh;ﬂ']ulu

A T o

' which is the corvesponding distance for 1 KT.
From Fig. 4-14, ¢,, the duration of the posi-
tive phase for 1 KT at 5,000 feet iy 0.35 second.
For 160 KT the duration is: .
) X33 W’lf‘l- 035 X (150) 13
W|i" l
=190 (=<0.57) seconds,
¢. Reliability

Durations obtained from this curve are con-
sidered to be reliable to =30 per cent (0.1 KT
to 20 MT).

4=2.6.5. {C] lmstructions for Using Fig, 4=15,
Peck Dynamic Pressere
a. Scaling Procedure
To calculate the distance at which a given
peak dynamic pressure extends for & yield
other thun Y KT, usa the following scaling:
d‘ - W‘lf‘l
dy W2

byr=

T O pE e 2 T
wmmmwmwmw&gﬂ,*
] g:ﬁ ﬁigu n'ﬁg N

HHEE

AR GL S R R SR

F
Iﬂmﬁzﬁlh
i e e i

It W@wm@@mﬂ
L%wm“%ﬁw&m .
Wﬁmmm==%:m
ﬁgmmﬁsaawwﬁam

]
HGER;

3,000 4,000

DISTANCE (%) A
ﬂml—l-ﬂt) Duration of Positive Pressure Phase vs Slant Range, for a ) =KT Yield
in a Free Air Homageneous Sec level Atmasphere (U1
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where d,=distance to which a given dyzamic b. Ewuph

pressure extends for yield 1¥,, and ¢, =distance Given: A 100-KT detonation in free air.
to which the wame dynamic pressure extends Find: The distance to which 10 psi dy-
tor yl.u Wlo

PEAK DYNAMIC PRESSURE (pal)

pamic pressure extends.

2 %4

2 X it 1 l
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Figure 415 (C). Peak Dynamic Pressure v1 Slant Ronge, for & T=KT Yisld in @
Free Alr Homugensous Sea level Atmosphere (U}
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Solution: From Fig. 4~15, 1 KT produces 10
psiata distance of 560 feet. Hence,

660 1 and
d.  (100)’
d:=560 X (100)**=5€0 X (4.64) =2,590 feet.

&. Reliability

Teak dynami~ pressures obtained from this
cirve are considered to be reliable to =5 per
cent for pressures greater than 2 psi, and to
=10 per cent for pressures below 2 psi (0.1 KT
to 100 MT).

4=2.5.5. [S) Scoling Between Pentolite High
Explotive and Nuclear Blast Yields
(Ref. 47)

a. Background to the Development of Con-
version Foctors for Peniolite and Nucleer
Blasts

Because air blast phenamena associated with
the detonation of chemical high explosives were
comparatively well understood Lefore the first
nuclear exploaion, it was convenient initially to
compare blast data from nuclear explosicns
with those of conventional explosives, in par-
ticular with TNT. Accordingly, such compari-
sons were used to obtain estimates of the total
energy vield for the firat few nuclear explo-
sions. By assuming 8 certain energy reiedse
upon detonation of a given weight of TNT, and
scaling up existing TNT blast data to match
the measured nuclear blast data, the nuclear
yield was expressed in terms of the “equivalent
weight” of TNT. This expression of the nuclear
yield was not the total energy yield, but rather
the blast energy yield. The comparisons of blast
data wers made at pressure jevels less than 20
pei, where the rate of decay of peak overpres-
sure with scaled distance is approximately the
same for both TNT and nuclesr explosions.

Subssquently, other meéthods were developed
to determine the total energy yield of a nuclear
explosion, but this total energy yield was stili
expressed as equivalent to the energy released
upon detonation of & given weight (in kilotons
or megatons) of TNT. Expression of the total
yield in this manner is not for the purpose of
predicting the total yield of the weapon (based
on blast measurements), or even of predicting

438

the blast effects for nuclear weapons (based on
the TNT pre;sure-distance data}), but is simply
a convenient and easily understood way of ex-
pressing a very large amount of energy. De-
pendence on the pressure-distance relationship
for TNT is no [onger necessary, because blast
measurements have now been made or: a large
number of nuclear explosions, and independent
pressure-distance relationships have been de-
termined for nuclear explosions. This does net,
however, rule out the use of high-expiosive
data to predict blast parameters for new or un-
measured burst conditiona.

Because the widely-used nuclear pressure-
distance curves are based on the total energy
yield, scaling of blast parameters from small
Pentolite charges to obtain blast parameters
expected from nuciear explosions, must take
into account the fact that not all of the nuclear
yield goes into the blast wave. A further com-
plication results from the fact that Pentolite
{the explosive used in the tests described in
the referenced report) is a more powerful ex-
plosive than TNT, on an equal weight basis,

b. Comparison of Pressure-Distance Curves

Upon first examination of this scaling prob-
lem, it would appear that if the percentage of
the total nuclear energy yield which appeared
as blast ware known, then a simple adjustment
of the total yield would allow scaling between
TNT and nuclear explosions. Furthermore,
known relationships between TNT and Pento-
lite would permit the establishment of proper
scaling factors for the latter explosive. How-
ever, embodied in such an analysis i3 the as-
sumption that the decay of peak overpressure
with scaled distance is identical with all three
types (TNT, Pentolite, and nuclear explosions),
providing only that linear adjustments in scale
are made. To test the efficacy of this assump-
tion, reference is made to Fig. 4-16, whichis a
plot of the peak overpressure versus scaled dis-
tance for a 1-K'I' nuclear device, and for 1-KT
of Pentolite (50/50, PETN/TNT). The nuclear
curve is the U.S. 1959 empirical free-air pres-
sure-distance curve for 1 KT at sea level, The
Pentolite curve is from compiled free-air blast
data on bare sphericel Pentolite.

Comparing the two curves on Fig. 4-16, sev-

-
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era] things are to be noted. First, close to the  the pressyre-distance curves are not similar.
burst, the peak overpressures from the nuclear  The conversion factors required for scaiing
explosion are higner than those from the Pen-  from Pentolite explosions to nuclear explosions
tolite explosion. Second, in the same region, have beeu calculated for peak overpressures be-
the rate of decay of the peak over-pressure tween 5 lb/sq in. and 1,000 Ib/sq in.

with distance is greater for the nuclear explo- ¢- Method of Determining Conversion
sion than for tne Pentolite explosion, Third, at Factors
the larger distances, the overpressures from The procedure us2d to determine the HE-to-

the nuclear cxplosiun are less than those from nuclear conversiop factors makes use of the

th.e Pep tolite gxplos:on.. but the rate of decay free-air, pressure-distance curves for Pentolite
with distance is approxi.aately the same. and nuclear explosions, and of the cube-root

Therefore, while it is poasitle {0 infer some scaling laws. 1f a Pentolite charge of weight
conversion factor representing the weight of a W, is de’onated, a given peak overpressure, P,,
given conventional explosive which will produce i)l oceur at a certain scaled distance, Z, where
the same value of peak overpressure {or any .

other blast parameter) as that produced by a z=_£’__. {4-48)
nuclear explosive at the same scaled distance, (b))

it is clear that this conversion factor must be  and R, is the actual distance from the center.of
a function of the peak overpressure, becruse the Pentolite charge. If a nuclear explosion
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TADLE 4-2 (S). BLAST YIELD (IN EQUIVALENT POUNDS OF 50/50 PENTOLITE) OF A 1-KT
NUCLEAR YIELD, AS A FUNCTION OF PEAN OVERPRESSURE (U} '

Peak \
Overpressure R, R, W, W,
Level (psi) {ft) (ft) W, ()b of Pentolite}
1000 120 117 £.085 2,170,000
500 155 179 0.655 1.310,000
250 200 262 0.445 890,000
100 283 398 0.357 714,000
30 493 662 0414 828,000
10 848 1086 0475 952,000
5 1180 1588 0.411 822,000

produces the same peak overpressure at dis.
tance R., then the effective blast yield, V., may
be found by

_ R, _ R
RCAUAR

W‘ - Rl y
w, R,
Values of R, for one kiloton of Pentolite, and
of R, for a one-kiloton total nuclear yield, are
taken from Fig, 4-16, and are shown in Table
4-2, for overpressures hetween 5 1b/sq in. and
1,000 1b/sq in. The ratio of the effective blast
yield to the 1 kiloton of Pentolite (W./W,) is
calculated by means of Eq. 450, and is shown
in Table 4-2. Also shown is the value of W, in
pounds of Pentoi:te equivalent to the 1-kiloton
nuclear vield. Tke relationship between the nu-
clear blast effectiveness (W,./W,) and the peak
overpressure is shown graphically in Fig. 4-17.
Over the pressure range of 10 to 300 Ib/sq in.,
which is the region :f interest in the referenced
report, the nuclear blast effectiveness dvera /
about 42 per cent. ol

4=). {C) SURFACE AND SUBSURFACE
BURSTS

£3.1. (U) Surfuce Burst

For a considerable distance above the earth’s
surface, air burst effacts are significantly modi-

zZ (4-49)

or

(4-50)

+40

fied by the earth’s surface. As the height of
burst is lowered in this zone. there is a gradual
transition from the characteristics of an air
burst to those of a surface burst.

A nuclear weapon burst at the earth’s sur-
face follows the same sequence of events as
does an air burst, except that the fireball
boundary and the shock front are hemispheri-
cal incead of spherical. For a contact surface
burst there is no region of regular reflection;
as & consequence, all objects on the ground are
subjected to a blast similar to “hat in the Mach
region below the triple point for an air burst
(Par, 4-2.2.6). Therefore, for structures lo-
cated near the ground, the shock front may be
assumed to be essentially vertical and the tran-
sient winds approximateiy parallel with the
ground. Both overpressure (Par. 4-2.2.1) and
dynamic pressure (Par. 4-2.2.2) will decay in
the same fashion as previousty described for an
air burst. _

When. a burst takes place at the surface of
the earth, a portion of the energy is directly
transmitted to the earth in the form of grourd
shock (Par. 4-3.3.2). In addition, the air blast
induces # ground shock wave. At shallow
depths, this ground shock wave has approxi-
mately the same magnitude as the air blast
wave, for an equivalent distance. The directly
transmitted ground shock, although initially of
higher magnitude, attenuates faster than the
air-blast induced ground shock.

L .
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In the vicinity of ground zero, tremendously
luege pressures are exerted on the earth’s sur-
face, causing a1 downward compression of the
suil and displacing material to form a crater
(Par. 4-3.3.1). In addition to the material
thrown out by the blast, a considerable quantity
of the soil is vaporized by the intense heat.

Methods of predicting and analyzing hlast
dnta from surface burstz ave similar {o those
used for air bursts, in many respects, licfer-
alice 13, therefore, made to Par, 1-2.6, where o
number of represcntative reference-data graphs
ar¢e presented and used as examples of the
application of scaling laws for predicting blust
data. In addition, relerence should be made to
THM 23-200 (Ref. 21) for a more cumprehen-
sive, graplic coverage.

4-3.2 (V) Underground Bursts from Coaven-
tional (Chamicall Explosions
4-3.2.1. Introduction

1t was recognized during the carly part of
World War II that very little experimental and

#Hi

unified kuowledge existed which could explain
the: genersl phenmnena of underground explo-
siony. Under the sponsurship of the Oflice of
Scicntific Research and Development, un ex-
parimental program was conducted in an nt-
tempt to understand the parameters of the

problem and to lay the gréund work for future’

analytical work. A very significant portion of
the work was carried out under the gemovul
direction of Princeton University, with assist-
ance from various Covernment and industrinl
organizations, The results of the rescuarch huve
been reported ir a series of OSRD reports
which have been, fortunately, summuarized in
a final report by Lampson (Ref. 22), an un-
classifled document which is readily available,
Lampson's veport presents an excellent desexip-
tion of the work that was performed, Luth
theoretical and experimental, including fairly
detailed information on the instrumentution
that was used to obtain the measurements.
Because of the extreme variability of soils
and their properties, and a general lack of
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understanding of the phenvmena mvolsed no
thenrctical methods existed which were com-
parable to those available for hydrodynamic
studies in air and water. In [{act, sc many
unknown factors were involved that a straight-
forward dimensional analysis was not com-
nletely possible, because dimensional considera-
tions require considerable knowledge of the
physical phenomena involved. Accordingly,
Ret. 22 is primarily an attempt to understand
the parameters and processes invelved by
means of empirical studies of numerous experi-
ments. It should be remarked, however, that
dimensional considerations were used where
possible,

For purposes of comparison it should be rec-
ognized that the present problem is much more
lifficult than such problems as the study of
wave propagation in elastic structures. There,
the basic parameters of the probiem, such as
stress modulus of elasticity, Poisson’s ratio,
strain. ete,, are fairly well understood. In fact,
the hLasic differential equations can be written
for the latter proh:lem, at least approximately.
Such is not the case for underground explo-
stons.

4.3.2.2 Examingiton of Ceriain Analyticel
Technigues

Certain features of Lampson's report, Ref.
22 wiil be examined in this paragraph, as rep-
resentative of the significance of the work.
rurther information may be obtained from
Ref., 22 and from the many original reports
quoted as references therein.

It was recognized early in the work that a
gignificant parameter was cube root scaling
(Par. 4-2.6.3, above). That is, it was found
that under identical conditions (except for
charge weight) peak pressures were accurately
given for scaled distances, scaled according to
the relation .

ro (W \"

X'(Tv'.')
where a aud b represent two different explo-
sions,«and r and W are, respectively, the dis-

tance from the explosion and the weight of
explosive.

(4-51)

The significance of this formula can be illus-
trated by an example. Thus, if a given weight
of explosive W, causes a peak pressure P to be
observed at a distance of r, from the explosion,
then (for example) an explosion with a charge
weight twenty-seven times as great would pro-
duce the same peak pressure P at a distance of
r.=3 7y, that is, at a distance three times as
great. It is emphasized, however, that such
conclusions are valid only if all other para-
meters of the problem, such as type of soil,
moisture content, scaled distance below surface,
ete., are held constant.

Further experimentation, descrit»d in Ref.
22, disclosed th it certain cther parameters were
important in various different { sts, & partial
list of these parameters includes:

k= a soil constant which depends on the soil
type, reiated to the modulus of elasticity
of the soil,

W=charge weight,
E =explosive factor for pressure,

E*=explosive {actor for impulse,
=soil density,

V=speed of propagation of pressure waves,
F=a parameter which depends on the denoth

of Lurial of the charge,
and
B=an impulse parameter which depends on
the sail type.

[t was une of the aims of the study to fit empiri-
cal equations to the results of the tests in order
to determine the responses to the independent
parameters. The empirical anzlyses were high-
ly successful, and formulas were derived for
predicting the responses of interest, including:
P=peak p. - sure in free earth,
P.=peak pressure against a target, including
the effect of reflection,
I=impulse in free earth,
Ly=impulse against a target, including the
effect of reflection,
u=maximum speed of displaced particles,
A=maximum acceleration of displaced par-
ticles,
d=maximum transient displacement,

432 wil DO
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dp=maximum permanent earth raovement,

and

Crater radius=surface radius of crater.
Thest: results are presented in Ref. 22 in the
foem of equations and ~harts.

One of the most significant aspects of blast
wave transmission in earth is the fact the.t
shock waves (characterized as waves of steep
slope approaching s pressure discontinuity) are
impossible, because of the characteristics of the
dynamic stress-strain curve for earth. (Rock,
as distinguished from earth or soil, was not
considered in Ref, 22.)

In connection with the formation of shock
waves in air it was previously discussed (Par.
4-2.3, above) that a material which exhibits a
linear stress-strain curve transmits its pressure
waves unchanged in form. If the particle
velocity is independent of pressure and is,
therefore, consiznt as in acoustic theory, each
element of the wave front travels at the same
speed and the wave retains its form. In the
nonlinear theory, the particle speed increases
with increasing slope of the siress-strain curve.
If the stress-strain curve is concave upward,
then particle velocity increases with pressure
and the particles at the crest of the wave
{(where the pressure is higher) move faster
than the particles at the base. This causes a
steepening of the front face of the wave, and a
shock wave develops, as in explosions in air or
water. In the case of soil, hrwever, the stress-
strain curve is concave downward during com-
pression. This means that the particle velocity,
since it depends directly on the curve slope, is
lower at the wave crest where the pressure i°
greatest. This causes the crest to be retarded,
and the entire wave spreads out as it is propa-
gated through the soil. Further, since the un-
loading {decrcasing stress) curve is concave
upward, there is a considerable energy loss
{hysteresis effect) associated with each com-
pression and expansion. Accordingly, the pree-
sure wave it less energetia than a shock wave,
and it loses its energy faster than elastic theory
predicts “or a spnerical wave. A typical siress-
strain curve for soil is shown in Fig. 4-18.

Because the speed of wave transmission de-

pends directly on the slope of the curve, it is
seen to be a variable, as described above, The
slope at a given point is the moduius of
elasticity; hence, the speed of sound increases
with modulus of elasticity, To compare an order
of magnitude, a typical silly soil has a secant
modulns  (average value) of about 50,000
pounds per square inch, but steel (for example)
has a modulus of about 30,000,000, or 600 times
as great. For free soli explosions it was found
that the peak pressure could be oxy essed quite
adequately by an empirical formula of the form
P=K (__’_'_) k¥

W r

where K is a soil parameter related to the
modulus of elasticity of the soil. (Experimental
values of K are given in Ref. 22.) In consider-
ing this, and other equations, it is helpful to
recall that although dimensional conside-ations
will show that P/K depends or -/W/: the
exact functional form can k¢ determined only
by experiment, or theory (if one exists for the
problem under consideration). It should also
be recalled that, in the discuscion of scaling
laws in the present text (Par. 4-2.4.4.), it was
shown that a non-dimensional grouping was
Py
E, i3 the energy of the explosive. In the present
conrection, however, if E, is interpreted as
weight (because weight of explosive is proper-
tional to energy content, and P, is considered

(4-52)

, where P, i3 some ambient pressure and

STRESS {Comprassion)

STRAIN
Figure 4-18. Typical Stress-Strain Curve for Soif
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:.for prosuutution of empirical data, S

~ oot in K, and henece in P.odatas included as
part of Ref, ™2 shows that X viries from sev-
»ral hanrived ‘o -over one hunifred tbousand a
lactor -f more than one hu dred, It is remark-
" abie that the empirical - rmt a4 fits all condi-
tiuns go ac orteiv, It ig <hown in Ref. 22 that
K is relate.. (o the modu; - of elastivity, as al-
reo Uy mentianes. n fui,
ety vas found that weak soura
vore triesmitted at L ospeed given by

waves

: .r“

V= ‘ - (455
vier. o ic the Jenaitv. With this expression it
was rossible © corre! e the A vabue Yor a wide
sprge of son. Ctus giving on e Jtion that
the oL val siiatee of stressestratn - - o is simi-
ar e a vude variety of soils.

4-33. (C] Umsergreund Bursts from Nuclear
: Ewplosions .
4-3.3.1. Crotering

a. Canses gnd -Chmracteristics
Lan:d craters are pit-,

ing, thmwing, compressing, or scouring the
snil in an outward direction from .a nuclear
! -ouatiow, Usually they are further charac-
tezed as to heing apparent or true craters.
The apparent
mammzng alter » detonation: the true crater is
the crater excluding fallback material. The true
rrater i3 bounded by a surface representing
that limiting distance from the explosion at
whicl: the original materal surrounding the
- app.vent crater was completely disassociated

{rom the underlying matemial. The ensuing dis-
cussivn of craters resuiting from underground
bursts assumes weapons with no air space
surrounding them, burst under a horizontal
ground surface plane, in locations that have
been completely backfilled and tamped. Figz.
4-19 shows achematically the dimensions used
in describing a crater (Ref.21).

The fallback zone is the zone between the

444
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to within 25 ner cent’

depressions, or cavities-
- formen in the su‘ace of the carth by vaporiz-

~eater is the visible crater re-

" 'true"nnd appnrent craters, as defined. above. It*:
" contains both disassociated matelial-that has
¢ fallen back: into the crater, and. disssiociated -

h "consider the great vari muns it By
¥ ¢ _ material *hat reccived insufficient energy to be

thrown out of the crater. There is tsually in-
significant fallback in craters from air or sur-
face bursts, or bursts at depths less than 25
W3 feet (where W is yield in KT). Conse-
quently, there is little difference between ap-
parent and true craters from such bursts.

The crater radius is the average crater radius
as measured at the original ground surface, It
sciles as the cube root of the yield. The crater
depth is the maximum .depth of the crater as
measured from the original ground surface. It
scales s the fourth root of the yield. Esti-
mated crater radii and depths are given in Figs.
+-20 and 4-21 as functions of hurst height and
depth for 1 KT. Figs. 4-22 through 4-25 are
derived from Figs. 4-20 and 4-21, and present"
éxpected crater diameiers and depths as func-
tions of yield for specific burst canditions. All
figures are directly applicable to dry seil or soft
rock (rock that crumbles eusily). For other .
types of soil or rock, crater dimensions may be
estimated by multiplying the dimensions taken

~from Figs. 4-22 through 4-25 by the appro-

priate factors given in the mstructmn para-
graphs for these ﬁzurea

The lip of the crater is formed both by fall-
back and by the rupture of the soil surrounding
the erater. For a deep underground burst, the
resulting ‘crater lip is formed primarily from

‘fallback. For a shallow undergvound or surface

burst, the crater lip is formed primarily by the
shearing of the ground nearest the burst and
its subsequent piling up agains: the soif farther
away from the crater. The approximate rela-
tive dimensions of the crater lip resulting from
a surface burst are indicated in Fig. 4-19,
The rupture zone is characterized by extreme
cracking. This zone surrounds the true crater,
and at the ground surface extends outward
spproximately 1.5 times the apparent crater.
However, for bursta at large-scale depths, the
zone at the ground surface extends outward
only slightly beyond the true-crater. When an
explosion occurs in rock, it disturbs the rock
in the rupture zone by cavsing surface scabbing
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of local areas. by opening pre-existing cracks,
and by developing rew {ractures that tend to be
radial from the puint of burst. The rupture
zone in sand may be difficult to define or may
be nonexistent.

In the plastic zone the soil is permanently
displaced, but is without vigible rupture. This
zone surrounds the rupture zone and may ex-
tend outward at the ground surface approxi-
matuly three times the apparent crater radius.
Even for bursts at large-scale depths, where

“there is an appreciable difference between the

true and apparent crater dimensions, the
plastic zone will extend considerably beyond the

true crater at the surface, In rock, little or no
plastic deformation occurs.

At a height of burst less than about 10 W'~
feet, the expanding gases from a nuclear deto-
nation form a land crater primarily by vapor-
izing, and by throwing and compressing the
soll in an outward direction from the detona-
tion, As the height of burst decreases from
about 10 W'» feet, or the depth of burst in-
creases, the crater radius continues to increase
appreciably. This increase continues until a .
depth of burst of about 256 W'-3 feet is reached.
Below this depth, however, the apparent crater
radius increases omly slightly with increasing

CRATER PROFILE

0, = Dismater of Appasent Croter
H, = Doph of Anparent Croter
D, = Dismeder of Troe Croter

Hy = Dopth of Towe Croter

D, = Depth of Lip = 20D, 35K

N, « Helght of Lip= R25 W, 2508

Dy = Dloawoier of Ropiwee Taan = 150, $25%

D,-Md”clm-!ﬂ‘m
[ ]

V‘-Vd-ndm&-- M
{Asymasd Passhalold) |

Figure 4=19 (C}. Crater Dimension~ {U)
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depth of burst. Below ¢ burst depth of approxi-
mately 70 W2/ feat, the apparent crater radiua
decreases with increasing depth of burst.

As the height of burst is lowered from about
10 ¥/ feet, or the depth of burst is increased,
the crater depth incréases apprecisbly with in-
creaging depth of burst, until a.burst depth of
approximately 60 Wv* feet is reached, Below
this, the apparent crater depth increases hut
clightly with incressing depth of burst, until
a depth of burst of about 90 W' feet ia
reached. Below thig depth of burst, the fallback
material may form a crater with an apparent
depth less than the depth of burst. The true
depth of the crater, however, remains greater
than the depth of burst, by a constant value of
approximately §7 W/ feet, when the depth of
burst is below about 60 W/? feet.

For bursts at heights greater than about
10 W/ feet, the mechanism of cratering is pri-
marily compression and scouring of soil. As
indicated in Fig, 4-20, the crater radius in-
creases for burst heights above 20 W' feet,
reaching a2 maximum at sbhout 80 W feet.
This results in a croasover of the 50-, 100-, and
300-foot burst-height curves of Figs. 422 and
4-23. This increase in radius is not considered
significant, however, because the crater depth
decreases very rapidly, with increasing height
of burst, to relatively smali values in the range
of crossover. For burats at heights above about
60 W1, the crater may be difficuit to detect.

Crater dimensions are not expected to change
materially with ground siope, except for very
ateep terrain. On very steep slopes, craters will
be somewhat elliptical in shape, with the down-
hill ip considerably wider than the uphill kip.
The crater depth, with respect to the surfacs
plane of the terrain involved, is not expected to
be appreciably different from that of a burat
under horizontal terrain eonditions.

b Instructions jor Using Fig. 4-20, Creter

Radius ve Burst Position

(1) Deseription

Fig. 4-20 gives the eatimated apparent and
trus crater radius as a function of burst posi-
tion, for 1-KT bursts in dry sofl or soft rock.
For other soils, multiplication factors should
be used as follows:

Soil Type Factor
Hard rock (granite and sandstone) 08
" Saturated soi! (water slowly Alls -
crater) 1.5
Saturated soil (water rapidly ﬁlll
crater)® 2.0

*Only for apparent craters with
sioughing or washing action on the
crater sides.

(2} Secaling Procedure
The following relation can be used to estimate
corresponding crater radii for a given burst
yield and depth:.
d_Wir b,
d,_, w. AT -i:
where d,=crater radius produced by a yield W,
at burst height or depth 4, and d,=crater
radius produced by a yield W, at burst height or
depth A,.
{3) Example
Given: An 80-KT hvwat at g dept!. of 50
feet,indry . L

Find: The apparent crater radius.
Solution: The burst depth for 1 KT ia:
80X1
Ry = e 7 80) =12 feet.

From Fig. 4-20 the apparent crater radius
(and also the true crater radiua) for 1 KT is
93 feet. Hence, the crater radius for 80 KT is:

X (
d.” 1tll))

(4) Relinbility

The rellability of crater radii values obtained
from Fig. 4-20 is ostimated to be =:30 per cent,
for barst heights of 5 W feet to burst depths
of 65 W'/ feet, for all yields above 1 KT. For
other burst conditions the rellabilltv is eatl-
mated to be 240 per cent.

¢ Instructions jor Using Fig. 421,

Crater Depth vs Burst Puidon

(1) Description

Fig. 4-21 gives the estimated apparent aand
true crater depth aa a function of burst pesition

=400 (120) feet.

448 “S0CREPe

UNCLASSIFIED



UNCLASSIFIED

obhGRbhare

in dry soil or soft rock. Multiplication factors
for other soils are as follows:

Soil Type Factor
Hard rock (granite and sandstone) 08
Saturated scil (water slowly fills
crater) 15
Saturated soil (water rapidly fils
erater) * 0.7

*Only for apparent craters with
sloughing or washing action on the
crater sides.
(2) Scaling Procedure
For yields other than I KT, the following
relations can be used to estimate corresponding
crater depths for a given burst yield and depth:
hn » W‘us d, _ wlm
h, Wg”" md d‘ W'm

where d,=crater depth produced by a yield W,
at burst height or depth A, and d.=crater

i R
H!Wlﬂh“’ﬂ"li‘}i’?’ i
H. Hﬂhl
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depth produced by a yield W, at burst height or
depth A,
{3) Example
Given: An 80-KT burst at a depth of 50
feet, in the wet sand of an ocean
beach where water will rapidly fill
the crater.

Find: Apparent crater depth.

Sqlution: Corresponding burst depth for 1
KT is:

60x1
(80)11:

From Fig. 4-21 the crater depth for 1 KT at
12 feet =237 feet.

Crater depth (d,) for 80 KT at 50 feet=
37 b4 (go)lrl
1

h V= =12 feet.

=ill feet.

From the soil type table, above, the factor for
relative crater depth in saturated soil (where

T4
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Figure 4-20 (C). Croisr Radius vs Burst Pasition, in Dry Soil or Soft Rock,
Sealed 1o 1-KT (U)
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water rapidiv fills crater) is 0.7. The crater
depih is, - - fore:
0,7 X111=78 (£39) feet.
(4) 5+ ability
The reliability of crater depths taken from

Fig. 4~21 is estimated to be =50 per cent for
Al yielda wnd burst positions.
d. Instructiora for Using Figs. 4=22 and
4=23, _'=parent Crater Diameter vs Yield
{1} Descriptror:
Figs, 4-22 and 4-23 give values of apparent

crater diameter va yield for various depths and
heights of burst, derived by scaling from Fig.
4-20. No interpolation of depth or height of
burst should be made for this fAgure. For
values other than those given, use Fig. 4-20.
Since there is little difference between true and
apparent crater diameters from bursts at
depths less than 25 W' feet, or from above-
ground bursts, these figures may be used also
for true craters in that range. The assumed
s0il type is dry soil or soft rock (reck that will
crumble ur {all apart easily)., For other soils,
the diameter obtained frum Figs. 4-22 or 4-23
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Figura 4=21 (C). Crater Depth vs Burst Position, in Dry Soil or Soft Rock,
Scaled to 1-KT (U}
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should be multiplied by the relative craier
dimension factor, as follows:

Soil Type Factor
Hard rock (granite and sandstone) 0.8

Saturated soil (water slewly fills

crater) 1.5
Saturated soil (water rapidly fills
crater)® 2.0

*Only for apparent craters with
stoughing or washing action vn the
crater sides.

(2) Example

Given: A 30-KT burst at a depth of 100
feet, in dry clay.
Find: The apparent crater diameter.

Solution: The apparent diameter, taken
directly from the 100-foot-depth-
of-burst curve of Fig. 4-22 for 30
KT is 750 (%=225) feet.

(3) Reliability

The reliability of crater diameters obtained
from Figs. 4-22 and 4-23 for various yields is
estimated to be =30 per cent, for burst heights
of & W3 feet to burst depths of 65 W'/ feet,

for all yields above 1 KT. For other burst con-
ditions, the reliability is estimated to be =40
per cent.

e. Instructions for Using Figs. 4-24 and
+4-23, Apparent Crater Depth v: Yield

(1) Description

Figs. 4-24 and 4-25 give values for apparent
crater depth vs yield for various depths and
heights of burst, derived from Fig. 4-21 by
sealing. No interpolation nf depth or height of
burst should be made from this figure. For
values other than those given, use Fig. 4-21.
Since there is little difference betwsen true and
apparent crater depths fiom bursts zbove
ground ~r bursts at depths less than 10 Wi~
feet, these figures may be used alsv for true
craters in that range. The assumed soil type
is dry soil or soft rock (rock that will crumble
or puil apart easily). For other types of soil
and rock, the depth obtained from Figs. 4-24
and 4-25 should be multiplied by the appropri-
ate relative crater depth factor below:

Soil Type Factor
Hard rock (granite and sandstone) 0.8
Saturated soil (water slowly fills

crater) 1.6

1,000 T TT(
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Figure 4-22 [C). Apparent Crater Diometer vs Yield, for Various Depths and
Heights of Burst, in Dry Sail or Soft Rock, for 0.1-KT 1o 100-KT Yieid (L)
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Soil Type ) Factor
Saturated soil (water rapidly fills
cratar) @ 0.7 Find:
*Only for apparent craters with a Solution:

sloughing or washing action on
the crater sides.
{2) Example
Given: An 80-KT burst at a depth of 100
feet, in saturated clay containing

10,000

T
i

8,000

6,000

water that will slowly fill the
crater.

The apparent crater depth.

From Fig. 4-24 the crater depth
in dry soil is 158 feet. From the
soil type table, above, the factor
for ralative crater depth in satu-
rated soil (water slowly fills ¢ra-
ter) is 1.5. The crater depth is

e =y

i T G S

4,000

3,000 =5

2,000
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Figure 4=23 (C). Apparent Creter Diameter vs Yield, for Variour Depths ond Heights
of Burst, in Dry Soil or Soft Rock, for 0.1-MT to T100-MT Yiald (U}
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. ground shock iz produced by the sudden expan-

(3) Reliahility sion of the bubble of gas from an underground

e 4 e . losion, which sets up & pulse or
The relisbility of crater depths obtained °F surfsace exp ,
from Figs. 4-24 and 4-25 for all yieids ang Oscillation in the ground, Air-induced ground

AV : shock resuits from an ai~ blasi wave, from an
burst positions is estimated to be =50 ner cent, explosion, that strikes and moves parallel to ‘

4=33.2 Gronad Shock the ground. I
a. General Fig. 4-26(A) shows the relation of the direct '
Two separate basic mechanisms are com- ground shock wave to the air-induced ground
"Enn 101 i
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MQIVE. Ahe cnse ] the surfuce burst.

Because sonic velocity is generally higher in the
mund than in the air, the direct mund shock
is indicated as moving faster than the air blast
aud, consequently, fuster than the air-induced
ground shock. Although the air blast of a sur-
face or near-surface burst initinlly propogates
faster than direct ground shock, the velocity

of the air blast decreases more rapidly with dis-
tance than does the Jdivect ground shock. Hence,

" the divect ground shock eventually moves ahead

(Ref, 21).

Fig. 4-26(B) shows in idealized form the
relation of the vertical acceleration of sull par-
ticlus caused by the two different forms of
ground shuck. The dirvect vertieal acculeration
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is initiated upon arrival of the direct ground
shock. What is known as “air blast siap accel-
eration” (Par. 4-3.3.2.¢.(3), following) is ini- "
tiated upon the arrival of the air olast, which
causes a sudden local increase in seil particle
acceleration.

b. Direct Ground Shock

(1) Propugation

The direct ground shock wave produced by a
surface or underground burst propagates radi-
ally outward from the burst point. Fora 1-KT
surface or shallow underground burst, in Ne-
vada-type soil, propagation velocities on the
ground surface are 4,600 ft/sec. approximatuly

Ground Shock

300 feet from surface zero, and decrease to a
more constant 3,500 ft/-ec. approximately

2,600 feet from surface zaro. The propagation
velocity of ground shock at the surface may
increase with distance from the burst, due to
refraction and rveflection from wunderlying
higher velocity strata; and, as the shock re-
duces to an acoustic wave, tae velocity will
approach the normal acouttic velocity of the
medium near the surface. In sound rock, and
outaide the zone of rupture, the propagation
of shuck obeys elastic formulae. In such a
homogeneous medium (not generaily character-
istic of surface conditions), there is little atten-
uation due to internal friction of plastic defor-

(A) RELATION OF DIRECT AND

" AR-INDUCED GROUND SHOCK

1y = Arrival Time Direct Accelerstion
t, = Arrival Time, 3lep Accelarotion

-— = Slap Accaleration Fraquency

A‘ = Max. Downward Slap Acceleretion
A, =Max. Upward Siap Acceleration

(8] GROUND ACCELERATION AND
SLAP ACCILERATION WAVEFORM

Figure 4=326 {Cl. ERects of direct and Air-induced Grosad Sheck (L0
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mation. Ground shock (compression type
wave) in rock is reflected from an air-rock
interface as & tensile wave. The intensity of
this tensile wave is dependent on shock
strength, wave shape, and angie of incidence of
the direct shoek with the free surface.

(2) Pressure (Stress)

At any given point sir blast overpressures
resulting from & nuclear detonation are equal
in all directions, but ground pressures are not.
Stress pulses appear as various ccmbinations
of direct ground and gir-induced shock stresses,
depending on arrival time and the range, depth
and, direction of the measurement. Direct and
air-induced ground shock stress pulses may co-
incide at close-in ranges outside the crater, as
indicated above, but the pulses will graduaily
separate with increasing distance along the
ground surface, until two separate pulses may
be detected a few feet bLeneath the ground
surface. The peak stresses from direct ground
shock usually attenuate rapidly with distance;
however, in highly saturated soils, the attenua-
tior of these stresses is less, approaching the
atlenuation in water (2pproximately inversely
as the range). The stress pulse from the direct
ground shock is composed of vibrations of high
and low frequencies, the period of which may
vary from a few tenths-of-a-second to several
seconds. Two hundred feet from a 1-KT under-
ground burst in Nevada-type soil, the hori-
zonta) earth stress at & depth of 10 feet may be
125 vsi; at 250 feet it may be 40 psi; while at
600 feet it may be only 3 psi. A rough com-
parison of peak stress intensities, for various
yields at the same distances, may be inade on
the basis of relative crater size,

(3} Aceelerstion of Soil Purticles

Acceleration of soil particles may be caused
as’ a direct resuit of the explasion (direct ac-
celeration), as a result of any shock reflection
or refraction from underlying bedrock (indi-
rect acceleration), or as a result of air blast
(induced acceleration). Direct and indirect ae-
’celerations are generally indistinguishable, and
together they are termed direct or fundamental
acceleration, For acceleration values of 1 G or
greater, measured heyond a range of two crater
radii from ground zero, the frequency in soil

4-54

will usuaily be less thar 80 cps for all yields.
For a 1-KT yield, the predominant frequencies
will be from 3 to 15 cps. In rock, the amplitude
of accelerations may be considerably greater,
and the period may be less than in average soil.

(4) Diiplmmen! of Soil Particles

Displacement of soil particles is largely per-
manent within the plastic zune of a crater and
transient beyond the plastic zone, For a small,
near-surface burst, and at a range of three
crater radii, the permanent displacement along
the ground surface will probably e less than
0.0003 of a crater radius. The transient dis-
placement will probably be less than 0.001 of &
crater radius. A short distance beneath the
ground surface, soil particle displacement is
usualty less than the displacement along the
ground surface. Displacements are appreciably
affected by s0il types. In wet s0ils, for exampte,
they may be of the order of ten times greater
than the preceding values.

¢. Airdnduced Ground Shock

(1) Propagation )

Air-induced ground shock propagates out.
ward from the burst with the air blast. The
air blast loading may be considered as & mov-
ing, non-uniform load that generates a ground
shock. The air-induced shock in soil quickly
attains a veloeity that may exceed the air blast
velocity; however, the magnitude of any out-
running shock is small, and its effects ray be
ignored. Consequently, as the air blast wave
proceeds, the air-induced grnund shock propa-
gates with & rather complex, underground,
time-of-arrival contour, depending on under-
ground shock velocities. In general, however,
the ground-shock frort slopes backward from
the air-blast shock front, as shown in Fig. 4-
26(A). Air-induced ground shock usually
arrives with or after the direct ground shock.

(2) Preseure (Stress)

Air-induced ground stresses attenuate gradu-
ally with depth, and the rise time of the stress
pulsz increases. The pulse of the air-induced
ground stress is composed of vibrations of high
and low frequencies, the poriods of which may
vary from a few tenths-of-a-secund to several
seconds. Observations with 1-KT' yields show
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that, in general, air-induced ground stress is
larger than direct ground stress at distances
greater than two crater radii, for average soils,
and for all heights and depths of burst down
to about 75 feot.

(3) Acceleration of Soil Particles

_ Air-blast induced acceleration maintains its
identity in the acceleration pattern, and it can
be separated from the direct shock acceleration.
When interactions with other accelerations
from reflection and refraction occur, the mag-
nitude is affected markedly, and separation is
difficult. Upon its arrival, the air blast will
cause a sudden locai increase in soil particle
acceleraticn termed *“air-blast siap accelera-
tion,” as shown in Fig. 4-26B. For acceleration
values of 1 G, or greater, measured away from
ground zero, the predominant frequencies in
soil of the air-blast induced acceleration are 20
to 120 cps. Peak vertical accelerations are
larger than peak horizontal (radial) accelera-
tions by an amount approximating 50 per cent.
Peak” accelerations attentuate with depth, are
directly proportional tn the overpressure, and
are indirectly proportional to the rise time of
the pressure pulse in the soil, See Fig, 4-27 for
the relationship of peak accelerations to peak
air-blast cverpressures at a depth of ten feet.

(4) Displacement of Soil Particles

Air-induced ground shock causes little per-
manent horizontal displacemant of ground par-
ticles beyond two crater vadii. When the shock
is reflected from vertical soil-air interfaces,
local displacement {spalling) of ground par-
ticles may occur. Air-induced ground shock
may cause a vertical displacement of soil par-
ticles. Dry Nevada-type soil subjectad to a peak
overpressure of 250 psi has sustained s perma-
nent downward displacement of approximateiy
2 inches, and a transient downward displace-
ment of approximately 8 inches.

d. Column and Base Surge

An effect of underground nuclear explosions
is the large quantities of soil, rock, and d:bris
thrown up in the form of a hollow cclumn, As
this material falls back to earth it will, in many
instances, produce an expanding cloud of fine
soil particles, known as a base surge (Ref. I).

UNCLASSIFED

The maximum column diameter is generally
two to three times the apparent crater diam-
eter, and the maximum column height is
roughly equal to 400 B/, The characteristics
of the base surge depend upon the depth and
yield of burst. The shaliowest burst depth at
which an earth base surge has been observed is
16 W feet. As the burst depth is increased,
the extent of the hase surge is vxpected to in-
crease until a burst depth cf about 125 W/ feet
is attained. No further increase in base surge
extent is expected below this depth of burst.
Figs. 4-28 and 4-29 show the rzte of growth

of the base surge, and meximum radii for -

various scaled depths of burst,

e. Instructions for Using Figs. 4~Z8 and
429, Base Surge Radius

(I) Description

Fig. 4-29 is based on ertrapolation from the
maximum base surge radii of the curves in Fig.
4-28. Radii obtained from the figures assume
no wind, or are crosswind radii. To compute
downwind base surge radii at a specific time
after detonation, add the distance traversed by
the wind, up to this time, to the base surge
radius obteined from the figures; to obtain tie
upwind base surge radius, subtract.

(2) Scaling Procedure

Depth of bursl, and the maximum radius of
the base surge, scale as the cube root of yield
between scaled depths of burst of 16 W'* and
125 W' feet, using

A, o W

where k, and r, are depth of burst and base
surge radius for yield W,, and A. and r, are the
corresponding depth of burst and base surge
radius for yield W,; and using

t. _ W‘vo
G W

-

where {,=time {c complete a given percentage
of total radial growth for yield W,, and ¢,=cor-
responding time to complete the same percent-
age of total radial growth for yield W,.

]
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Glven:

. v 3

. for1 KTis

A 64-KT detonation 65 feet under-

/8 }{
ground. . ‘=w. XI;.= 1 653-16 feet.
(a) The maximum base surge w6V - .
ragdlus., From Fig. 4-28 the maximum radius for 1

KT at a 16 fout depth of burst is 2,010 feet, and
it occuers at 180 seconds.

{b) The timc at which the maxi-
mum radius occurs.
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" Solution: The corresponding depth of burat *
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]
E The corresponding radius Jor 64 KT Iy The time at which this maximun; radius occurs
nXwy?  2,010X (64) v+ is
! Vy= P = 1 8.040 feet, ‘ w.mxt' _ (64) mxlsoﬂaso seconds
i This may also be read directly from Fig. 4-29, ! 1w\ )
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(4) Relishility
The data presented in the figures are based

on limited full-scale testing, and on extensive
HE reduccd-scala testing.

4=3.4. (U} Underwater Bursts from Conven-
tisan! (Chamicel) Explesions

4=3.4.1. Intreductien

The subject of underwater explosions has
been treated extensively, from both a theoret-
ical and experimental point of view, An excol-
lent presentation of all aspects of underwater,
chemical explosions is given by Cole in Ref. 5.
This reference is readily available in book form,
and should be consulted for detailed informa-
tion.

4342, Deserlption

When the charge ia detonated, the resulting
physical disturbance advances outward under-

UNCLASSIFIED
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water through the solid material of the charge
&t & high rate of speed. In the case of a high
explosive, ns distinguished from a gun propel-
lant, the resulting chomical reaction is also
rapid. This reaction continues to reinforce the
detonation wave, so that the entire urocess con-

verts the solid exploaive into a gas at high pres- -

sure, in an extremely short time. The initial
sphere of high pressure and high temperature
gas transmits this high pressure to the sur-
rounding water. In this way, the bouadary
conditivns for the wave phenomena in the
water are generated. Once this happens, a
shock wave forms and travels outward under
the same hydrodynamic laws as those govern-
iug the motion of a blast wave in air. In fact,
one of the theories most used, that of Kirkwood
and Brinkley {Par. 4-2.3.5.¢; and Rafs. 3 and
6), can be used for predicting shock wave phe-
nometa for either air or water,
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The physical phenomena for the propagation
of the shock wave is #lso similsr. That is, fol-
lowing the initiation of the shock at the surface
of the gas sphere, the wave traveis outward at
a speed grester than the apeed of sound, and at
a rate  decay of pressure (being a spherical
wave) somewhat greater than inversely with
distance, as predicted by acoustic theory. As
the radius incremses, the disturbance ap-
proaches that predicted by acoustic theory, as
one would expect,

A phenomenon associated with underwater
explosions which is not present in air bursts,
is the formation and subsequent motion of the
gas sphere, Because the expunding gas causea
outward flow of the surrounding water, the
bubble continues to expand beyond its pressure
equilibrium state; then, when outward motion
stops, the external pressure in the water ia
higher than that of the gas in the bubble, and
contraction occurs. Since the gas is a highly
elastic system, bubble oscillation takes place.
During this time, the bubble rises toward the
surface because of its buoyancy. As stated in
Ref. §, other factors affect the motion, making
analytical prediction of bubble behavior very
difficult. Such factors would be the pruximity
of the bubble to the bottom, and to the free sur.
surface. Bubble pulsation has an important
effect on the surrounding flow, however, since
each pulsation becomes a possible source of
secondary preasure waves, According to Ref.5,
the overpressure caused by the firat bubble pul-
sation is only s fraction of the shock wave pres-
sare. The duration of the overpressure is
greater, however; therefore, the impujse im-
parted to the water is comparable in the two
cases,

Returning to the shock wave formed in the
water, and its effect, it is significant that scal-
ing laws are applicable and give reliable re-
suits. For a given set of ambient conditions,
the cube root scaling laws (Par, 4-26.3) are
equally valid when comparing the effects of
different size charges. That is, the same pres-
sure ratio is observed for two different explo-
sions at equal values of E—‘i,-. and EfoT“ For
exampie, if a change of weight E, produced a
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pressure ratio of P/P, at a distance R, ¢ see-
onds after explosion, then a charge of one-
eighth the weight would produce the same
pressure ratio at a distance R/2, ¢/2 seconds
after detonation,

From an analytical viewpoint, the shock
wave propagation problem is similar to the
problem in air, as has boen stated, It is re-
marked in Ref. 3, however, that the details
are simpler in the ease of underwater blast
waves. This is becuuse the relatively small
entropy increment produced at the shock front
permits the use of the approximation of adia.
batic flow. Such approximations ucross a shock
front are not permissible in air.

4=3.5. (C) Underwater Bursts frem Nu leor
Explosions

4-1.5.1. Creteriag '

An underwater crater is considered to be
the crater existing in the bottom material at
that time, shortly after the burst; when con~
ditions are no longer changing rapidly, Subse-
quent hydraulie wash action by the current,
tides, etc,, will tend to erode away any crater
lip, while making the crater wider and shal-
lower. The degree of this effect drpends on the
depth of the water, type of bottom material,
and current, wave, and tidal activity.

The size of the underwater craler is depend-
ent upon weapon yield and burst depth, but
also upon water depth and bottom composition.
Figs. 4-30 through 4-35 are graphic illusira-
tions of the data on crater diameter, depth, and
lip height for both surface and bottom bursts
in 25, 50, 100, and 200 feet of water. The Ag-
ures show that the crater dimensions are
greater for a bottom burst than for a surface
burst. Also, as the depth of the water increases,
the crater dimeisions increase for a bottom
burst, but decrease for a surface burst (Ref.
21).
4=2.5.2. Woter Sheck

a Description and Analysis

The underwater detonation of & nuclear
weapon &t a distance from either the water

surface or the bottom boundaries produces a
shock wave early in the formation of the gaa
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bubble. This shock wave propagates spherically
at the rate of roughly 5,000 fi/sec., and is
characterized by an instantancous rise in pres-
sure followed by an exponentinl decay. In ad-
dition to this initial primary shock wave, sev-
aral subsequent pressure pulses are produced
within the water. .

When the pressure wave is reflected from the

water gurface it is reflected as a varafaction or
tensile wave. This refiected rarefaction wave
cuts off the il of the primary compressional
shuck wave, thereby decreasing the duration of
ite posicive phase. Pig. 4-36 shows qualita-
tively the effct of the reflection wave upon the
pressure-time history. The effect of this cutoff
decrenses rapidly with increased depth of target
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in the water; that is, as the depth to the target
increases, the less the effect of cutoff for a given
depth of detonation. Converscly, as the depth
of detonation increases, the less the effect of
cutoff. for a given target locatior.

‘The reflection of pressures from the bottom
surface for an underwater burst, is similar to
the reflection of pressures from the ground sur-

face for an air burst. A crude approximation
of the magmitude and shape ¢f this reflected,
water-shock wave can be obtained, if it is as-
sumed that the wave is identical to an imagin-
ary direct wave, this having traveled a distance
equal to the path-distance of the reflected wave,
j.e., that pevfect reflection occurred. Estimated
peak overpreasures vs slant ranges, for vari-
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ous vields, are showr in Fig. 4-39, where the
order of magnitude of these pressures may be
noted. However, the durations of these pres-
sures are short, Yeing measured in tens of mil-
liseconds. They may be even sherier at points
near the water surftce, w.-ve the surface-
reflected wave arrives at the point kefore the

complete passage of the primary compressional
wave.

If the nuclear weapon is set off at shallow
depths .in deep water, the peak overpressure
estimates of Fig. 4-39 ave excessive in terms of
actual overpressures, tor most regions of in-
terest. For example, a 10-KT weapon set off
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at a depth of 200 feet, in deep water, would fleets in an &nomalous manner, and the sharp
actually develop a peak uverpressure of approx-  cutoff from the reflected pressure does not oe-
imately 350 psi at the range of 2,000 yards and  cur, Instead, thz reflected tensile wave modifies
the depth of 50 feet. This is in contrast to &  the preasure-time history at early times, and
pressure of 550 psi, as predicted by the figure.  forms & nearly teiangular puise (Fig. 4-37).
The actual cverpressure is less than the pre-  The region wherein this anomalous reflection
dicted because the initial shock wave strikes  affects the pressure history is texmed the non-
the water surface at a high obliquity and re- linear region.
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The nonlinear region is in the form of a
wedga, increasing in depth as the range from
the burst point increases. At the shallower
depths in this vegion, the anomalous behavior
is gufficient to reduce the magnitude of the
initial peak overpressure, At greater depths,

effect shades off, until only at the later

tintes of the pressure history is there any re-
duction of overpessure. As the depth of burst
is decrensed (our the yield increased) the non-
Hnear zone increases in scope and magnitude,
Finally, for a surface burst, all points beneath
the water surface (excep’ those directly under
the weapon) are in the nonlinear region. Be-
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cause the peak pressure in the nonlinear region
is a sensitive function of burst and target
geometry, pressurc-distance curves are not
presented here, to account specifically for
this effect,

When a nuclear weapon is detonated in shal-

low water, both the reflecting boundaries of the-

water surface, ard the bottom, altar the peak
pressure and duration of the primary under-
water shock wave. In addition to the multiple
relections that occur, the shock wave is trans-
mitted acruss these boundaries (ie., prupagated
through the air and the bottom, and then
coupled back into the waier). Hence, at a
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Figure 4=36 (C). Effect of Cutoff on the Shape of the Positive Pulse (U]

stinmsec =

point distant from the source, there will be a  flected from the surface and the bottom. The

direct water shock, water shocks induced by  order of arrival will be: first, the ground in-
ground and air shocks, and water shocks re-  duced shock; then, the direct shock with the

Water Surfoce

PRESSURE TIME
HISTORY AT
SHALLOWER

PRESSURE TIME
HISTORY AT
>. DEEPER DEPTHS

Regular Region

Figurz 4-37 (C). Nonlinear Surface Reflection Effects (U}
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reflections ; and, finaily, the air induced shocks
(Fig. 4-38).

At most scaled depths, the direct water shock
is the greatest. As the direct shock travels out-
ward, the vate of attenuation with distance is
determined primarily by the depth of water and
the relative position of the weapon within that
depth. The shallower the water and/or the
closer the weapon to the water surface, the
greater the rate of attenuation. This difference
in attenuation can be attributed to the non-
linear surface reflection. and to the interference
of muitiple reflection waves swith the direct
shock wave. These effects tar outweigh any
apparent yield increase resulting from the
weapon being detonated on the bottom, as con-
trasted with the yield increase that occurs in
the case of the land surface burst.

Insufficient data exist for the preparation nf
water overpressure versus distance curves for
detonations in shallow water, as is possible for

Air Blast from Venting

Weter Surfoce

deep water detonations. In tie case of a 20-KT
detonation at mid-depth in 180 feet of water,
the peak overpressures nt moderate ranges have
been observed to be on the order of one-half
those indicated for deep water. Pressures even
less than these are expected for a mid-depth
burst in more typical harbor conditions, be-
cause of the shallow depths of waer ~nd
bottom irregularities, On the other hand, 2
burst on the bottom will result in slightly
higher peak overpressures than one at mid-
depth in shallow water.

Since water has no tensile strength, the rare-
faction resulting from a reflection at the water.
air interface causes the water surtace to cavi-
tate. Thus, a “spray dome™ is fcrmed. When
this -coliapses, an additional shock is induced in
the water by an effect similar to a water ham-
mer, Little is know:: about the magnitude of
the shock from this source; however, it is be-
lieved that it can gonerally be neglected.

PRESSURE

a = Sottom Induced Water Shock
b = Diract Water Shock

¢ = Syrfoce Reftection

d = Bottorn Reflection

o = Later Puises

TIME e

PRESSURE HISTORY AT
POINTS ALONG LINE A-A

Figurs 4-38 (C). Wave Front Propagation in Shallow Water (L)
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The propagation of the underwater shick
waves i8 distorted on passing through r-giras
of sharp temperature changes within the water,
with the rasult that the pressure wave form is
affected. If the weapon is fire in cluse prox-
imity to a region of temperature change, there
is a shadow zone formed, wherein predictions
based upon free water conditions overestimate
the effectiveness of the shock wave, When tne
weapon is fired well above, or brolow, this tem-
perature region, pressure histories at the nor-
mal ranges of interest are changed very littie.

b. Instructions for Using Fig. 4=39, Penk
QOverpressure for Deep Undenvater Bursts
{1) Description »
Fig. 4-3Y gives the expected values for peak
water overpressure versus slant range for vari-

ous yields burst deep in deep water, where the-

effects of a reflecting surface are absent.

{2) Scaling Procedure

Secaling for yields other than those shown
may be done by linear interpolation between
appropriate curves.

(3) Example

Given: A 40-KT weapon is burst at a

depth of 1.000 feet in deep water.

The peak water overpressure at a

1,000-foot depth 4,000 yards from

the burst.

Solution: From Fig. 4-39, the peak water
overpressure at a slant range of
4,000 yards, for a 40-KT weapon,
can be read directly as 440 psi.

{4) Reliahility

Slant ranges obtained from F.g. 4-39 are
estimated to be reliable within =20 pe~ cent
for the yield range shown.

Find:

4=3.5.3. Wave Formation

a. Surfoce Waves

Surface waves generated by underwater ex-
plosions are the resuit of the emergence and
collapse of the yas bubble. The first wave is
generally a well-defined breaking wave. (Inthe
case of a deep burst in deep water, this wave

4-68
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was first observed at roughly 2,000 feet hori-
zonial range.) The first wave is followed by a
train of more stable oscillatory waves. As the
disturbance moves ward, the number of
waves in the wave udin increases. At first, the
initial wave of the group is the highest, but as
the wave train progresses farther from the
origin, the maximum wave height appears in
suceessively later waves, It has been observed
for a shallow water burst that, by the time the
wave train had progressed out to 22,000 feet,
the ninth wave was the highest of the group;
but for a deep water bu:st at 10,000 feet, the
seventh wave was cbserved to have the largest
amplitude. For the shallow water burst, the
maximum wave height one mile from the det-
onation was about 20 feet; for the deep burst,
it was abuut 40 feet at the same distance, re-
flecting in this case the greater depth of water
and burst depth.

Fig. 4-40 gives maximum wave heights as a
function of range, under a number of stated
conditions for a 1-KT underwater burst. These
predictions are based upon the maximum wave
passing the point of interest, without regard to
its position iu the train. Thus, the maximum
crest-to-trough amplitude decreases linearly as
the reciprocal of distance, while the amplitude
change with distance for any individual wave
varies in a more complex manner. In a given
depth of water, a wave no higher than about
70 per cent of the water depth can propagate
as a stable phenomenon. Higher wzves are
unstable, and they decrease in height until stz
bility is attained.

The formation, propagation, and magnitude
of surface waves generated by :n underwater
burst, in shallow water, vary rapidly with the
scaled depth of water and the configuration of
the bottom. For prediction purposes in water
shallower than 80 W' feet, the buvst position
has little effect on the wave generation.

For the underwater burst in deep water, the
size of the generated surface waves is depend-
ent upon the position of the weapon relative to
the surface. For practical purposes, as the
depth of burst is lowered from the surface to
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a depth of 180 I¥' ' feet, the maximum wave
height can be considered to in:rease constantly.
The scaled depth of 180 feet (two-thirds of the
maximum bubbie radius of a 1-KT burst) rep-
resents an optimum depth. With further in-
creases in depth, the maximum height again
draps off, approaching the scaled magnitude of
waves observed from bursts at deep depths
tscaled depth of burst of 850 U ' feet),

Waves moving frowm deep into shallov: water,
or from open water into narrows, may be con-
siderably increased in magnitude; however, this
increase is untredictable unless the exact greom-
etry of the botton: is known. Waves break on
arriving at water depths about equal to the
wave height, momentarily increasing in height
by approximately 30 per cent, then rapidly de-
creasing.,
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b. Instructions jor Using Fig, 440, M
mum Wave Height jor Undoructer B;

(1) Description i

Figure 4-40 gives tho approximate, maxi-
mum, crest-to-trough, wave helghts (in terms
of horizontal distance from surface zero) to be
expected from surface and underwater bursts
of 1-KT weapona. This data may be scaled to
other yields, as explained below. For burst
depths greater than 180 W'/ feet but less than
850 Wy feet, a linear interpolation between
the values from the above limiting cases will
provide a satisfactory prediction. Below 850
W feat, the wave height is expected to de-
crease almost inversely with increasing depth.

(2) Scaling Procedure
Use th: following two relations: Firet,
Wiz b,
W b
where yield W, will give a wave height of &,,
and yield W, will give a corresponding wave
height A, at the same scaled depth of burat.
Secondly,
d‘ WI“‘ d‘ |
d. W."‘ s

where yield W,, burat at a depth d, in water of
depth d’,, it equivalent to a burat of yield W,
at a depth d,, in water of depth d'. ‘
(8) Example
Given: A 40-KT detonation at 450 feet in
1,605 feet of water.
Find: The expected. maximum wave
height at 10,000 yards from sur-
face zero,

Solution: The correaponding burst depth fob'
1 KTis:

450480
du= gy 180 feet.

The corresponding water depth for 1 KT ls:
1500 1500 ,
S @mems |

Uea the curve of Fig. 4-40 for burst depth
of 180 feet and water depths of 450 feet or

N . P

greater. From this curve, the meaximum wave

" height at 10,000 yards for a 1-KT burst is 2.2

feet. Therefore, for a 40-KT burst, the wave
height of 10,000 yards ia:

by=(2.2) X (40)'1=(2.2) X (6.3) =14
(x4) feet.

{4) Reliahility

The wave heights obtained from Fig. 4-40
are estimated to be reliable within =30 per
cent.

¢, Bose Surge

A sigunificant phenomenon of undervater
nuclear axplosions is the base surge, a sizable
cloud or wave of dense mist that moves out-
ward from the water column. For depths of
detonation less than 10 W'/ feet, the formation
of a significant base surge is unlikely, When
the detonation is at a greater depth, but one
shatlow enough for the gasecus explosion
bubble to vent the surface while it is still ex-
panding to its first maximum radius, an exten-
sive column of water is thrown into the air.
The collapse of this column forms the base
surge.

As observed in one underwater explosicn,
a conical spray dome began to form about four

milliseconds after the explosion, Its initial rate

of rise was greater than 2,500 feet per second.
A few milliseconds later, a hollow column began
to form, rapldly overtaking the spray dome.
The maximum height attained by the column of
water was probably some 8,000 feet, and the
greatest diameter was about 2,000 feet. The
maximum thickness of the walls of the column
was sbout 300 feet. Approximatsly 1,000,000
tons of water were thrown into the air, As the
column fell back into the water, there developed
on the suiface, at the bose of the column, a
farge doughnut-shaped cloud of dense mist.

This cloud (the base surge), formed about ten

seconds after detonstion and traveled rapidly
outward at an initial velocity greater than 100
feet per secnnd, maintaining an ever-expanding
donghnut-shaped form. In the first 100 seconds,
the sverage velocity was 63 feet pev sacond. In
180 seconds, the surge traveied 8,100 feet.

If the underwater detonation is at a depth
such that the gas hubble goes through several
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oscillations prior to venting, a ﬁushy. ragged,
plume-like mass of water is thrown into the air
by the emerging bubble. The collapse of these
pluntes generates the base surge. In the ob-
servation of such a deep burst, the first visible
surface phenomenon was a very flat spray dome
some 7,0C0 feet in rudius and 170 feet in height.
Three seconds iater a second spray dome
emerged out of the first, sending spikes to a

height of 900 feet. At ten seconds the plumes
apreared, reaching 4 height of 1,450 feet and a
diamoter of 3,100 feet. As the plumes col-
lapsed, a base surge spread out laterally to a
eross~wind radius of 4,600 feet, at 90 seconds,
and to approximately 7,000 feet at 156 minutes.

At intermediate depths of burst, such that
the bubble vents after the first expanaion is
completed, but befure several oscillations are
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complated, the mugnitude of the base surge
varies in & manner dependsnt upon the phase
of the bubble at venting. When the bubble
« ‘3 in an expanding phase, .the surge
. aomenon is similar to that described for a
shallow burat. When the bubble vents in a con-
tracting stage, a tall spire of water is jetted
into the air. The base surge resulting there-
from is less derse and of 2 smaller final radius.
However, lack of knowledge of bubble behavior
permits only a coarse prediction of the maxi.
mum size of buse surge. Fiygs. d=41 and 4-42
provide representative duta on base surge
radius, in terms of time and vield, respectively.
Winds cause the surge to travel faster in the
diraction in which the wind is blowing. Al-
though relative humidity does not affect the
initial formation of the base surge, it does in-
fluence its subsequent growth and duration.
When the relative humidity is significantly less
than 70 per cent, the extent and duration of the
base surge are apt to be less than predicted. A
significant increase in extent and drration of
the base surge is expected when the relative
humidity is appreciably greater than 70 per
cent,
d. Instructions jor Using Figs. 4—41 and
4=42, Base Surge Radiua jor Underwuter
Burss

(1) Description

¥ip. 441 gives the expected radisl growth of
the water base surge, us a function of time
after detonation, for a 1-KT weapon at various
depths of burst. Fig. 4—2 gives the expected
maximum base surge radius as a function of
yield, for several specific depth of burst condi-
tions, The maximum base surge is developed
{from a weapon detonated at approximately the
venting depth (250 W' feet).

Proximity of the bottom to the point of
detonation has little effect upon the production
of the base surge. For devths of burst botween
the limita to 10 W72 and 260 Wv+ feet, the
diameter of the water column producing the
base surge is approximateiy one-fourth of the
resultant surge radiua. With deptas of burst
below the venting depth of 250 Wy« feet, no
such simple relation of the column or plume ta
the resultant surge exists. Little data or theory

are available for base-surge predictions at deep
depths, A prediction can be made, however, by
linear interpolation between the base-surge
radius of a burst at venting depth, and one at
& deep acaled depth (650 W/ feet). A predic-
tion thus made represents the inaximum bage-
surge which could be expected,

Radii obtained from Figs. 4-41 and 442 as-
sume “no wind” conditions. To compute up-
wind or downward base-surge radii for a
specitic time after detonation, use the following
ptocedure: to obtain the downwind base-surge
radius, add the distance traveled by the wind
up to this time to the “no-wind” base-surge
radius: to obtain the upwind base surge radius,
subtract.

(2) Sealing Procedure

Depth of burst, and the avcompanying maxi.
mum radius of the base surge, scale as the cube
root of yield for depths of burst between 25
WY and 250 W, or:

where h, and r, are depth of burst and base-
surge radius for yleld W,, and &, and 7, are the
corresponding depth of burst and base-aurge
radius for vield W..

The time required to complete & given per-
centage of total radial growth of the base surge,
scales as the one-sixth power of the yield for
the same scaled depth of burst, or:

[ - Wi

W
where {,=time required to complete a yiven
percentagu of total radial grow th for yield W,,
and {,=the corresprnding time required to
complete the same percentage of total radial
growth for vield W,

Time to maximuta base-surge radius, from
detonation at venting depth or less, may also I
computed by:

bmar =225 r\/®

where lu.=time to the maxivum basc.surge
radius in seconds, and r=maximum base-gurge
radivs in fest.
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(3) First Example (¢) The expected base-surge
. Given: A 10-KT detonation at a dopth of ﬁ':‘:.“‘ 1 minute after detona-
150 feet below the water surface. . .
1 \ Solution: (a) The maximum base-surge
; Find: (a) Thg maximum base-surge radius is read directly from
; radius. Fig. 442 as 7,200 feet.
' (b) Time to maximum base-surge (b) The venting depth is 250 W1
. radius. =440 feet. Since the depth of
4000t ' A
3
. g .
! o
<
; [ 1
[ 8
o 1
& 2000
: u
: «
' -]
I
i
|
!
i 1000
"o » w© ©0 ® 00 ) ™)
: TIME AFTER DETONATION (sec)
: Figure 4—41 (C). dase Surp Radius va Time, for 1.KT Underwaler Bursis ot
‘ Verioui Dor.‘h I
i - PFVET - 478

5 _
— - UNCLASSIFIED




== UNCLASSIFIED

burat is less than venting, the
simplified formula for time to
_maximum may be used. The
time of maximum base-surge
radius is

taes=2.25 (7,200)1/2=190 sec-
onds.

(c) A 10-KT detonation of 150
foot depth will complete the
same percentage of its iotal
radial growth in 60 seconds as
a8 1-KT detonation will com-
plete & corresponding scaled
time and depth, Using the
scaling above, the correspond-
ing depth of burst for 1 KT is

W[‘/‘ X 1 X
P 21X 18070 teet,
Woa (10

The time that a 1-KT weapon burst at a
depth of 70 feet will have completed the same

i

-]
§
sl

percentage of its growth that a 10-KT burst
will have completed in 60 seconds is:

3 e
t,y= X Wit _80X1_ 41 seconds.

W\ (10) e
From Figure 4—41 the maximum surge for
a 1.KT burst at 70 feet is 3,400 feet, and at 41
seconds the surge has a radius of 2,000 feet.
Thus, it has completed 60 per cent of its growth.
A 10-KT detonation at a depth of 150 feet will
then compiete, in one minute, 60 per cent of its
maximum radial growth, or

0.60X7,200=4,300 feet,

{4) Second Example

Given: A 30-KT detonation at a depth of
1,000 feet below the water surface.

Find: The maximum base-surge radius.

Solution: The venting depth for a 30-KT
detunation is approximately 250 W'/, or 600
feet. Few data are available upon which to

NEEN

MAXIMUM BASE SURGE RADIUS (ft)
I
©
8

WIS ¢y rer® 14 roh e e

o
»= ; 14231 ' =
P . B - HEE e
- st ik i gz =
T - TTHLIRI e
: ; SELLILt R IR & zgimfuml l&g @g:
: & ik = ‘§:~:55§F’ ESEEEE T@_g;”
Constont anhofBurst va ==
T = —_— ~= Verting Depth (Max. Surge) 250W =
== Z T . Surge Improbable 3 .Eé
oL L asmcmaccan Scaled Depth Burst 850W -—
1 4 p oL Ll P TH et A1 e e e A BN 10 1104143 1 YRS TR
I.OGG H 1 4 e H D ELES L) BTG SRS P UTR T . S IR Y B T PR T Y (R e ) mul -
1 o 0 20 09 800 000

YIELD (xt)

Figure 4—42 [C). Moximum Bose Surge Rodius vs Yield, for Underwater Bursts of
Yarious Depths (U}
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predict the maximum base-surge radiua at
depths exceeding this. Hence, a prediction must
be made by linear interpolation between the
venting depth, 600 feet, and u depth of 630

Wwe=2,000 feet.

From Fig. 4-42 the maximum base-surye
radius at venting depth is 12,000 fect.. At 6560
W' the maximum busc-surge radius is 7,000
feet. By interpolation, the maximum base-surge
radius for a 30=KT detonation at 1,000 feet is

2,000 - (_4_09_. X b ouo
(5) Reliability

- 1,600 feet.

Figs. 411 and 442 are bnsed upon limited

full scale and extensive reduced scale testing.

44, {C) EFFECTS OF MECHANICAL
FACTORS ON BLAST WAVE
PARAMETERS

d4-4d.1. [C} Effects of Charge Caslag
44.1.1. (U  Sensrel

Itis con, .um knowledge that the conventional
projectile or warhead casing surrovnding most
expiosive charges tends to reduce the blast
damage effectiveness of the churge, hecause
some partion of the explogive energy must be
used in failing the casing and in accelerating
the casing fragments. Listimates of the magni-
tuide of this reduction have been considered
both theoretically and experimentally. There
is, however, no generalized method for accu-

rately predicting this degradation.

An additional factor is that some explo-
sives are difficult to deton.ie properly un-
less they are encased. Studies using certain

casings of plastic-bonded powdered metals indi-
cate that an explosive ¢ be encaged without

reducing the effectivenesy. In some instances,
the damage capabilities of the explosive have

been improved.

44,12, (C) Fane urney Predictivn Methods

The first attempt «t accounting for the atten-
uation of air biast caused by the preseace of &
steel case was made by U. Fano and 1eported
it Ref. 28. The reasc:ing used by Fano was an
outmwth of that developad by R. W. Gurney
in Ref. 24. In this latter report Gurey con-

cluded, by fitting experimental datz to 2 simple

theory conceining the partition of energy be-
tween fragments and blast wave, that 20 per
cent of the total available energy from the ex-
plosive charge was stili potentiai energy when
the steel casing broke into fragments.

Considering a simplified model of the phe-
nomenon, in which the HE charge is static and
cased, the respective proportion of the explo-
sive energy of the charge which the generated
gases and the casing fragments possesc at the
instant of casing breakup is sought in the fol-
lowing manner;
1f £ =the total energy of the cxplosive charge
mauterial, pir unit mass, and C=the mass of the
charys; then, EC=the total energy of the explo-
sive charge. Also, if M=the mass of the metal
casing, and V,=the initial velocity of the frag.
ments, relative to the projectile, then 1/2 MV !
=KE (kinelic energy) of the fragments.

If it is now agyumed that (at the instant of
casing breakup) the velocity of the molecules of
the generated gases varies linearly, from zern
at the charge center, to V, at the metal-charge
interface, and that the density of the gases is
constant thronghout the chorge volume, then:
the KE of the generllted guses=1/4 CV.* (cy-
lindrical charge), or = 3/10 CV,* (spherical
charge). Considering no other factors:

EC=1/2 MV /4 CV,2 (4-5d)

for the cylindrical charge, hich is one form of
the Gurney equation.
From this Fano reasuhed chat the total ener-
gy sssociatad with the blast wave is equal tu
1

1+2M
c

of the 80 per cent released at breakup, plus the
26 per cent potentizlly available at the instant
of brenkup. The concept of equivalent charge
weight emerged as being the weight of bare
charge with total available energy equal to the
energy contributed to the biast wave hy the
caved charge. In Ref. 4 Fano computes the
equivalent weight for & cylindric.l cased charge

a3
08
w=[°‘2+ l+£]w (4-65)
T
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where: 1’=equivalent bare charge weight; and
w=actual explosive weight for cased charge.
At the time Fano's report {(Ref. 23) was
written, al) the boml: blast data collected in the
period 1942-1945 at the Eallistic Research Lab-
oratories (Ref. 25) were available, This data
seemed suificient to substantiate the equivalent
weight theory. However, iater results of ex-
periments with cased charges cast some doubt
on the expressed relationship between cased und
equivalent bare charge weights (Ref. 26),

44.1.3. (C} U, S. Navy Prediction Method

In 1953 the Navy (Ref, 27) re-examined the
data used by Fano, and upon comparison with
the Kirkwood and Brinkley curves for bare
charges (Ref. 28), propoaed an improved equiv-
alent charge relationship. This relaticnship
was obtuined by abandoning attempts at simple
explanations for the behavior of cased charges;
instead, the simple expadient was followed of
choosing a relationship which best described the
data. Two distinet formulas were specified, one
of which was for positive impulse, as follows:

1+M/C (i—-X") ,

(a0 @
with the condition that M’ takes the value M/C
for all values of M/C less than unity, but takes
the valur unity for all values of M/C greater
than unity. For computing the peak pressure,
w'/v. is taken a8 1.19 times that value used for
comyuting positive impulse. However, results
of additional experiments (Ref. 29) cast fur-
ther doubt on the reliability of these relation.
snips, and zven ou the whole coneept of equiva-
lent weight.

4-4.14. (C) Modified Faso Pradiction Method

A modification of the formula due to Fano is
in common use at the Ballistic Research Lab-
oratories; this appears to provide a rezasonable
fit for experimental data (Refs. 30 and 31). An

'+

effective charge weight W is defined as “’2 iy
where w’ is found from Eq. 4-65. The result-
ing expression for effective weight of the cy-

? o
=

or for the spherical cased charge

0.4

,_ | 0.6+ ——
' —-[ H'_SEjl w. (4-58)

3C

The effect of altitude and charge composition
is often factored into these expressions and
defined as the eflective equivalent static bare
charge weight 1*, used in the fcrmula

_ w(l+n)
L]

w? (4-59)
where: =z = effectiveness increasing (or de-
creasing) factur for a different explosive; and
t, = altitude degrading factor.

44,2, {C) Ifects of Charge Shape and
Comwpasition

4-4.2.1. (U) Chorge Shape

Experimental studies have been made com-
paring air blasts resulting from differently
shaped explosive charges, in order to provide
basic data for the terminal ballistic design of
explosivy charges to be used in guided missiles
developed for the Air Force {Refs. 32 and 38).
From these studies it has been determined that
the peak pressures and positive impulses from
the detonation of explosive charges of different
shapes do not differ significantly at large scaled
distances (Z=R/W'>9 ft/lbi*), when aver-
aged in all directions with respect to charge
orientation. However, scaled distances of this
order are too great to cause lethal damage to
most targets, unless the wplosive weights con-
sidered are of the order of 4,000 pounds or
mere.

The peak precsures and positive impulses
associated with particulor directions about ex-
plosive charges of non-spherical configuration
can be as much as 50 per cent higher than those
from an equivalent spkorical charge (Ref. 32),
especially if the charge configuration is cylin-
drical. Dotble shock w-ves are oftea observed
from the non-spherical charges. In measure-
ments off the sides of cylinders, these secondary

lindrical cased charge is shocks are small relative to the primary wave,
0.6+—&1- and usualiy occur in or beyond the rarefaction
w'= 1+2M |w  (4-B7)  phase. In mensurements off the ends of cylin-
T . ders or blocks, huwever, the second peaks can
476 || ARCRET
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be large; because these occur weil within the
initial positive phase, they contribute to the re-
sulting impulse.

Fig. 443 illustrates how pressure and im-
pulse vary at angles about a cylindrjca! charge
(taken in the plane of the axis} as compared to
those about a spherical charge. In the figure,
¢ = 0° refers to measurements taken off the
cylinder ends. From the illustration, it is ev:-
dent that orientation of a conventional blast-
type missile with respect tc the target may be
important,

4-4.2.2. (C) Charge Composition

{U) Numerous studies have been conducted
to rank explosives of different compositions
according to their effectiveness. The basis for
this ranking has usually been either free-air
vlast measurements or evaluation of target
damage. Ranking according to free-air blast
effects is of interest here (Refs. 33, 34, and 35).
The relative damage capabilities of various ex-
plosives based on target tests is presented in
Ch. 8, Par. 8-18 in the discussion of aircraft
targets. -

(U) To rank explosives according to their
effectiveness usually implies the comparison of
the resvlting shock wave intensity, namely,
pressure and impulse, Peak pressure and posi-
tive impulse in shock waves from different bare
explosives detonated in fiee zir may be com-

Cylindrical

130
(IMPULSE} e
2o} Spherical s 3
2 E
” Cylindeical 1
2 {PRESSURE} 5w
1< o et — v — — — — —— v
¥ Spherical ]
& o &
2

3

0‘ 443 90'-‘

ANGLE OF ORIENTATION, ¢ (deg}

Figure 4-43. Comparison of Variation of Blos}
Parameters, Spherical and Cylindrical Charges

pared in a multitude of wavs; the two most
comrmon methods of comnparison are:

1. On the basis of the same volurie, con-
gruent shape, and orientation.

2. On the basis of *he same weight, congru-
ent shape, and orientation.

These two methods would be equivalent if the
densities of the various charges were equal.
Since variztion in densities between the differ-
ent types of high explosives commoniy used is
not large, either method of comparison is satis-
factory for military applications.

(C) Table 4-3 lists the composition of cer-
tain service-type explosives, in the gencral sr-
der of decroasing etfectiveness, Some of these
service-type evpinsives, TNT or Pentolite, for
examg.:, can be cast. Others, like MOX-28,
must be pres. od. An infinite variety cf expio-
sive compositions can be cbtained b taking
combinations of erplosives in various propar-
tions and mixing thum homog.neov<ly. 4 pres-
ent trend in mixirg e.plnsives ic to add mc lic
powders, such as aluminum. o an optimnm
amount. The large amount of heat re'eased in
reactions with metals cvems to enhanc- blast
intensiiies, particulurly the impulse, Small
amounts of desensitizing agents, usually wax,
are also frequertly added v explosives to in-
crease safety in hardling and firing. Such
agents tend to decrease the blast effeciiveness
slightly.

(C) Data has been compiled by W. D. Ken-
nedy (Ref. 34) on the order of cffectiveness of
explosives based on air blast messurements, as
conducted in the United States and Great
Britain. This comprehensive report lists the
side-on peak pressures and impulses of various
explosives as ratios in terms of Composition 3.
These figures re based on blast tests using a
wide range of <harge weights (bare charges of
about one pound up to boraos of several thou-
sand pounds). Table 44 provides a general
idea of the relativ», (uantitaiive ~fectiveness
of several service type explosives. Certain
quslifications are in order, It is to be noted
that the differences in relative intensities are
small, as is generally the case for all the com-
mon- service explosives. Torpe:-2 i3 usually
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TABLE 4.3 (C). COMPOSITION OF CERTAIN SERYICE TYPE EXPLOSIVES (1)
Composition
Per Cent Typical
Explosive by Weight Components Spacific Gravity

Torpex-2 42/40/18 RDX/TNT/Al 1.76
97 RDX

1ox-2B 54/36/4/6 Al/NH,CIO/TNT /== e = 203
3 INT

H-6 47/31/22 RDX/TNT/Al 1.76

HBX-1 40/38/17/5 RDX/TNT/Al/Wax 1.68

Tritonx! 80/20 TNT/Al 1.76

Composition B 60/40 RDX/TNT 1.65

Pen‘olite 50/50 TNT/PETN 1.61

TNT 100 TNT 1.80

coasiderey the most effective. Later explosive
combinations such as Mox-2B, H-6. and HBX-
1 are considere] as effective as, but not su-
perior to, Torpex-2. Although explosive com-
binations exist which are severa] times more
powerful, they are too sensitive for practical
military applications. It should also be noted
that the ranking cof the explosives depends on
scaled distances. Curves derived from excess
peak-pressure ratio ard scaled positive impulse

TASLE 44 (C). PEAK PRESSURE AND POSI-
TIVE 114PULSE, RELATIVE TO COMPOSITION B,
FOP VARIOUS SERVICE TYPE EXPLOSIVES
{EQUAL-VOLUME BASIS) (U)

versus scaled distance, for various charge com-
positions found in Ref. 33 often intersect at one
or more distances. Consequently, there is no
single ranking or effectiveness ratio that can
be indicative for all cases. However the small
relative difference between the blast wave in-
tensities of the commonly used high explosives
is again demonstrated.

4-4.3. (C) Effects of Charge Moton

4-4.3.1. General

The effect of charge motion (often referred
to as the velocity effect) on blast parameters
was first noted during the many aireraft vul-
nerability tasts conducted after World War 11,
Since most projectiles are in motion when
hlast occurx, the study of the effeets of this

Relative  Felative A s
Peak P.sitive motion on the various parameters of the asso-
Explosive Press: e Impnise ciet~d blast wave attracted considerable inter-
est. Tests indicated an appreciable amount of
' pressure increase in the direction uf motion,
Torpex-2 . _ L3 11§ und & corresponding decrease in the opposite
Tritona' 1.04 1.05 direction, Although various theories were ad-
. « vanced concerning the velncity effect, proper
Composition B 1.09 1.09 evaluation of these explanations recuired the
Dentolita 0.98 ¢.9¢ formulaticn of conxiderable amounts of quan-
. titative datz. Acsordingly, in 1952, experi-
2
TNT Gaz 0.84 menls were insiituted nt the Ballistic Hesearch
4-78 —greRey
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Laboracories for the purpose of providing such
data.

4-4.3.2, BRL Test Procedures

Early experiments at BRL (Ref. 36) were
successful in establishing the basic experi-
menta] procedure since used in subsequent mov-
ing charge tests. Unfortunately, however, the
instrumentation used was suitable only for
providing qualitative results. In 1951, using
minor modification in the proceaure, data of a
more quantitative nature was obtained. This
still was not sufficiently accurate to establish a
rigorous theory (Ref. 37). Further experi-

ments (Ref, 38), however, have provided,

envugh information to substantiate, at least in
part, a thecry explaining the behavior of the
shock wave produced by a charge in motion.

The first step in the development of the mov-
ing charge experiments was to select the type
and size of charge, and to determine some
means of propelling the charge at high velocity.
Because even a light casing will produce suffi-
cient fragmentation to interfere with the meas-
urements of free air blast, a bare charge of
spherical shape was used. The spherical shape
was chosen since charges of this configuration
produce roughiy symmetrical shock waves. For
the projection device, a 57-mm gun with the
rifling bored out to a diameter of 2,293 inches
was eventually selected. Use of this gun fixed
the charge weight at 3/8 of a pound. The origi-
nal experiments used a bare charge of Compo-
sition B (Par. 4-1.2.2, preceding) traveling at
a velocity between 1,730 and 1,900 ft/sec, In
about 40 per cent of these shots, the charge
broke up prior to detonation, thus spoiling the
test. Based on the wo,k of B. F. Armendt (Ref.
39), to eliminate this problem a Fiberglas-rein-
forced Pentolite charge was substituted for
Composition B. Pentolite charges have been
used in all recent experiments.

Fig. 414 is a diagram of the charge construc-
tion and gun loading method. The charge is
cast in a spuerical form with a eylindrical well.
A small quantity of Composition C-3 and a
Tetryl boaster is placed in the bottom of the

well to iasure high-order dctonation. An elée-- -

tric detonator with a small, iron-core, cupper
coil . “ross its back is placed in the well. Any

, ‘

remaining voids are then carefully packed with

Composition C-3 to preven* the firing forces
from dislodging any of the components.

The charges fuzed in this manner are fired
through a screen woven from number 40 copper
wire, which is placed just in frort of a station-
ary coil of heavy copper (Fig. 4-43), As the
charge breaks through the screen, an electroaic
circuit is broken, discharging a large condenser
into the coil. The resulting, pulsed, magnetic
field induces a current in the smai! coil inside
the charge. This «ctivates the electric detonator
and detonates the explosive.

If the measured data are to be sufficien:ly
accurate, the point of detonation must be deter-
mined with fair accuracy. The errors involved
when using the smoothbore gun system and the
magnetic detonating system allow considerable
variation in the point of detonition. To estab-
lish an aceurate fix on this point, twu cameras

equipped with 1-ms electronic shutters and acti.

vated by a photocell are placed 90 degrees apart
and 10 feet from the desired point of detona-
tion. By triangulation, the position of the
charge at the instant of detonation can be lo-
cated to about 1/4 of an inch.

The velocity at which the charge is traveling
is measured by two velocity screens placed
about eight feet apart. Breakage of the first
screen activates an electronic counter chrono-
graph which stops when the second screen is
broken, thus measuring the time necessary to
traverse this interval. From this measurement,
the average velocity over the interval can be
ealculated.

The peak pressure and positive impulse are
measured by twelve side-on pressure gages,
each spanned by a pair of face-on veloeity
gages. The gages are placed at a distance
of 2.71 feet from the desired point of detona-
tion, and at angles of 15°, 45°, 75v, 105°, 136°,
and 165° to the direction of motion of the
charge, as shown in Fig. 4 45. Wien the charge
detonates, the same photocell that triggers the
cameras activates twelve counter chronographs,
one at each angular position. When the shock
wave renches the first velocity gage at onc of
the twelve positions, the chronograph corres-
ponding to that position is stopped, giving a

4-79
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Figyre 4—45 (Cl. Test Seiup, Velocity Efect Program (U}

mepsure of the time of arrival, and a second
counter is initiated. 'This secoud counter is
stopped when the shock reaches the rear velne-
ity grge, thus measuring the time the shock
has taken to traverse the interval hetween the
gages. From this menasurement, the average
velocity can be calculated, and the peak pres-
sure at the center of the interval can be found
from the Rankine-Hugoniot relation:

P, % ( Ve )
= ? i [ e =] -
P G (4-60)
where P, is the peak excess pressure, P, is the
atmospheric pressure, y is tho ratio of specifie
heats for air, V is the shock velocity and C, ir
the apeed of sound (Ref, 38).

Thus, the system of chronographs, velocity
gages, cameras, and the photocell can mersure

M2 08313

shock arrival time, shock velocity, and peak
overpressure at twelve locations around the
detonating charge. Allernate tests with moving
and stationary chargea previde a basis for com:
parison, from which the effects of motion on the

shock wave: may be determined.

4=4.1.1. Computation Methods

The data resulting from these experiments
seem to agree fairly well with results crlculated
hy the theory advanced by C. K. Thornhill and
R. Hetherington (Ref. 40). Thornhill and
Hetherington predicted thut, close to the sur-
face of a moving charge, the shock velocity
coula be approximated by vectorial addition of
the shock velocity of the stationary charge and
the terminal velocity of the moving charge. The
experimental titne-of-arrival data indicate that
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the same rule could be applied to the expanded
shock wave, if the velocity of the center of the
shoek wave resulting from the detonation of
the moving charge is substituted for the tarmi-
nal velocity of the charge (Xdoi, 38).

The velocity of the center of the shock wave,
at any given time, can be predicted by the anpli-
cation of the principle of the conservatim of
linear momentum, Thus, the momentum of the
charge privr to detomation is established 23
equil to the momentum of the explosion gatea
and air contained by the apherical shoek, Then,
ussuming the average veloeity of aul the gases
and nir contained in the spherical shock is at
the same velocity as the center of the sphere,

w, Vo= (g + 10} Ve {(4-b1)

wnere w, = weight of explosive (lhs.), V', =
terminal velocity of the explorive (ft seel), w,
= weight of air contained by the aphereal shock
(Ibs.), and V,.=the velocity of the center of the
shuck wave (ft/sec.).

Then, ietting p, equal the density of the air
(Ibs/cu. ft.)} and d the diameter of the shock
sphere (ft.), and neglecting the mass of air
displaced by the explosive charge, the result is

w,V,= ( ﬂ’,+-;-cp.d’ ) v,
or
w,V,
Vst (452
W. + -a"'hd‘

Substituting w* ‘-;—pl', where p, is the density

of the explosive and o the original charge
radius, into Eq, 4-62, the result is
4
i'“.V. 'f‘"’.

Vem—g T
5"’"""5"“‘ M.+hdl

and dividing through by sa*

lattering rc-:--ndlul of spherical shoek

4-82

[

UNCLASSIFIED

wave fn increments of charge radii, then
v,

1450

‘Pe
Eq. 4-65 for n known = will then give the
value of the velovity of the center of the shozk
wave, The distance, r,, thit the center has
traveled in the dor sction of the original motion
at a time ¢, is then given by the expression

!

”, ::fV, dt.

P,

(4-63)

(4~64)

When viewed from a stationary reference
frame, the shock velacity on the surface of the
spherical shock wave produced by the moving
charge bucomes

e )
Ue=U,+V, {4-65)

where E!‘.. is the shock velocity at the distance r
and tae angle ¢ from the original line of motion,

and U. is the shock velocity at a distance r.

Once -13. is known, the peak pressure can be
found. These quantities are illustrated in Fig,
4-46.

Fig, 4-47 shows the reletionship the point
of detonation and the center of the sphericsl
shock wave,

Ordinarily, because the measurementa are
made from the point of detonation, only the
distance R and the angle 4 are known. By inte-
gration, r. may also be found. The distance r
and the angle y can then be found by use of
the following geometric relations;

=r.cosf+ (14=vSroind)Vr  (4-86)

and

Siny =~§8€M. {1-87)

Up to the present, no simple scheme has been
devised tn allow scaling of the various param-
eters of altitude, charge weight, charge veloc-
ity, ete. Therefore, separate computation is
necessary for esch case. Table 4-3 (Ref. 38)
presents a set of calculations mude for a given
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Charge Motion

Figwe 4—4£6 (C). Relationship Between Shock Yelocities at Centar ond
Surfoce of Spherical Wave (U}

set of conditions as corapaved to the actual ex-
perimental resuita. .

&5, {C) BLAST INSTRUMENTATION

4-5.1. Oenerel

This zection is a summary description of the
types of instrumentation used in the measure-
ment of blast parameters. Cencralized descrip-
tions of various types of sigmificant instru.
metits and methods are given. Where applicable,
discussions are included of the techniques of

ududnzthedltaohtdnedwamonuubh

Figue 447 (), Relationship Between Poiet of Dete-
notion and Conter of Sphericel Shock Wavs (U)

form. For more complete detalls on the instru-
ments, operational reports and manufacturers’
manuals are available for further study.

The many fleld tests conducted during the
past decade have contributed sigunificantly to
the evolution of blast instruments in their pres-
ent form. Sandia Corporation, Stanford Re-
search Inatitute, the Naval Ovdnance Labora-
tory, and the Ballistic Researchi Laboratories
have been outstanding in this respect, and
should be cunsidered as additional sources of
detailed infurmation (Refa, 11 and 42),

4=8.2. Tha DAL Face-on ond Shoch-Volociy
Segns

The face-on gage, as developed by Mr. A. J.
Hoffman and Mr, S. N. Mills, Jr. of the Ballis-
tic Research Laboratories, conslists cf a pair of
tourmaline discs assembled in & shallow exvity
in the face of a solid brass hovsing (Fis. ¢~
48). The crystat stack fs glued into place and
then immobiiized in the cavity by a thermo-
setting plustic. The gage is designed to be man-
sive enough for its acceleration semsitivity to
be quite low, but short enough for its lowest
natural frequency tn be well above the 200-Ko
limit of the associated recording equipment.

The shock-velocity gage. shown iu Fix. 4-48,
employs the same active element as the face-cn
goge in a lightweight, shock-mcumted houslng
(Ref. 43),
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Coaxial Connactor

Tourmaiing Disc,
0.730 in X 0.040 in.
Brass Housing

188 in.Dla
Pipa Threads

-+ Position of Flap ARer Asay
to Top of Top Disc

Copper Fall Disc.
0.730 inX 0 002 in.
Figure 4-48. Ml Foce-On Goge

4~=5.3. The BRL Stresied-Disphragm Gege

Thia gage in a piezovlectric binst gage for
reconding the side-on pressure-time history an-
snciated with blast waves, Originally developed
by Mr. Roy Sampson of BRL, the gage has leen
used with a great deal of auccess in small
charpe (3, pound to 64 pound) air blast experi-
ments,

The sensitive eletent of the BRL stressed-
diaphragm gage is a atack of four waler-

Putting Compourw Srees Body

Sreus Cowl

shaped crystals (ade of Lourmaline or a syn-
thetic pirvzoclectric naterial), approximarely
0.030 incues thiek, with silver foil electrodes
between crystals to collect the charge. The
crystals are usuaily one inch or one-half inch
in diameter, but gnges have been built in which
the diametcr of the crystals was ax small as
cne-eighth inch.

The desipy principle which is believed to he
most directly 1osponsible for the success of this
wrae is the preligviing of the erystal stack by
brass diaphragms approgimately 0.020 inch
thick. Interference between the erystal stack
and the cavity in the gage housing, of 0,005 to
0.002 inch, has been found to give the hest
resulta, Silicon grease applied between the
faces of the sack and the brass diaphragma, as
well &3 in the clearnnce around the stack, is
helpful in damping sputious ascillations.

The quadity of the workmanship in machin.
ing the housing, grinding and polishing the
tourmaline eryvstals, and assembling the crys-
tals into the housing has been found to be of
the utmest importance in producing gages
which wive records of high fidelity, A achematic
draw.ng of thia gage is shown in Fig, 4-50.

Calibration of piczoclectric gagea is achieved
Ly parallvling known voltages acruss accurately
knnwn capacitors. The gage circuit is shown
in Figz 4-a1, with a list of sigmilicant circuit
elements.

Rubber Shock Moum

Tourmeiing Cryatals Fiver Plug

Figure 4-49. BRL Shock-Velocity Goge
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Caoge Hous!ng

'\"

.\\\\\\\‘

v ﬂnmﬂu Crystais {four)

Cavity Filied whth Silicone Groeuse
Figure 4-50. Tha Stressed-Diaphragm Goge

C
cL 3 s—
3 a—1]
W‘
= Suofe | -3 =23
il
20
[r——
{ )
e -

Cqe™=gage cApacitance,
C=coaxial rable capacitance.
Cr=padding capacitance (used to adjust
gignal level).
C.=calibrtion capacitance,
R=input reaistance of d.c. amplifier (100
KA =sennitivity of gage (in micro micro-
coulumbs/pai).
P=peak excess pressure acting vn gage {in
psl).
Figwe 4=51, Wiring Diagrom, BRL Gage
Calibration Circuit

For recording, the switch S grounds the cali-
bratirn condenser C.. In this cundition, the
peak voltage V, across I becomes:
PxKA

Vi Ce+CL+Ur+C, ' (4-63)
Calibration is performed by switching 8
through the five positions and back to ground.
When the awitch in in position 3, for example,
the voltage V, acroas R is:

1’4 ==----———-—-—-c' E {4-89)

' Ce+C, 4040

where E, is the voltage at step 3 of the switch.
The vollagres V', and V, are proportional to the
maximum deflection recorded on the film for
the pressure-time history, and to the thir- cali-
bration step, respectively. Therefure, the ratio
of the height of the maximum pressure, &, to
the helght of the third calibration step, g, b
comes: .

4-86 m
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PXKA
b V., Co+Co+Cr+C. PXKA
nw Vi CE.  C.xE.
Ce+CutCrt+C, {4-70)

and
hXC.XE,
P,
PNV |
The cnlitiration capacitance ean be measured to
auffcient acenraey on a capacitance bridge. The
voltages arpearing at the varniua stops on
awitch, S, are adjusted by comparison with a
standard cell  As previoualy mentioned, the
sensitivity of the gage, KA. must be known,

4.8.4. Photographic Measuremerts of Pesk
Prassures ‘

Measurementa can be made of peak sir blast
pressures by phatagraphing the passage of the
shick wave aiminst an interrupted backgrouad,
such as a fence. This technique is dependent
upou the principle of refraction, Light waves
passing oblinuely from vne medium to anather,
in thia case frum undisturbed air to the com-
presaed region immaodiately behind the shock
wave (Refs. 41 and 15), undergov an abrupt
ckange in direction. The bending of the light
rays by the shack wave causex an spparent dis-
placement of the background against swhich the
shock wave is viewed. By projecting high-apeed
photographs of the event at a much reduced
rate, the phenomienon can he observed. The
arrival of the slock front at the line of sight,
from the camera to each fence pole, Is evi-
denced on the film records by apparent distor-
tion or deletion of successive poles. The shock
velocity can be determined by counting frames
hetween shock arrival at successive poles, and
measuring time of travel by timing marks on
the film.

For the referenced tests, Fastax cameras
were used. Each fenze was approximately 250
feet in length, and consisted of 21 pairs of
poles approximately 12 fect apart., The dis-
tance between the two poles in cach pair was
1.0 feet. The cameras were placed with the line
of sight perpendicular to the fence at the mid-
point of the fence.

Pesk overpressures were inferred from the
shock velocities, which wete computed from the

(4-71)

fence data by use of the Rankine-Huguniut
equation (expresving pressurc ua a function of
shock velocity), as fotlows:

»
P=— [u«- 1] P,

o
oy (4-72)

where

P =side-on peak pressure, in psi,

y=rutio of specitic heats (1.4 for air),

M- ratio of shock wvelocity in still air to

velouity in air ahead of shogk,

and

P.=ambient atmospheric pressure, it psi.

Fig. 4-52 illustrates the geometry for the
fence techhique computation. The distances a,
b, ¢, d, and A are not scaled, as the figure is
intendled only 23 a guide for following the
velocity computations, Furthermore, I, is the
pole distance from X, or r, the radius of the
shock wave at ¢,; and ¢; is the arrival time of
the shock wave at r,. Referring to Fig, 4-52,

+
O;mn"(ﬁ—:)

[
0=tan"' (E':{Edl)' fori s 22
poun (B2 iz
AT =

r.=ksin (4-06,), fori £22
r.=h sin (4+4,), fori=23

4‘! tl"tu-n
where V, =average velocity
and .

.
')|= [] 2" f"

where ¥, =radius of skock at V..

Before application of the velocity measure-
ment data to the Rankine-Hugoniot equations,
the velocity components of the prevailing wind
parallel to the fences at the time of the tost
were eliminated. This was Decessary as the
wind effectively increases or decreasel the
velocity of the shock froat, depending upon the
direction of the wind vector in relation to shock
wave propagation. A wind vector that is tan-

wipeRT— 487
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FENCE .ﬂ all 'I nl

MAGAZINE

CAMERA
Figure 4~52. Field Setup, Fence Technique Computation

pent to the shoek front will have no effect on
shuck voloeity measuretaents.

4<5.5. The BRL Pressure-Time Gage

The BRI mechrnical self.vecording, otes-
aure-time gage is used for the measurement of
overpressure and positive impalve resulling
from the detonation of nuclear devices and
larye high-explosive charpes. 1* is completely
sell eontained. Whan used on ni.ear teats, it is
slf-initizted, but it can also bw initiated by a
vieltuge transmitted by wire. [nterchangeable
sonsing elemients are available to cover pressure
ranges from O-L 2 psi to 0.1,007 psi with a
number of intermuadiate runges.

The pressure sensing capsule of the gugr
(Fig. 4-53) consists of two concentrically con-
voluted diaphragma, silver soldered or welded
together around their periphery, and also silver
soldered to a mounting buse. A spring stylus
with an vsmium-tipped phonograph needle s
soldered to a mounting post at the center of the
movable diaphragm. Pressure entering through
a small inle! on the mounting base of the cap-
sule catises the diaphragm to cxpand, causing
attachad needle to scratch the rvecording
medium. The displacement of the recorded
scrateh is proportional to the applied guge
pressure (Refs. 45 and 46),

An aluminized glass dise, 814 Inches in
diameter and Y4 inch thick, is rotated under
the stylus and records its motion. The resulting
scratch record can be read with a mi.roscope
of 50 power or more.

The turntable holding the giass recording
disc is driven ai constant angular velocity by a
chronometrically governed d.c, motor. A switch
operated by a star-gear cam controls the num-
ber of revolutions of the turntable.

The components of the wage are niounted on
an H-channe welded to the center ¢f 2 ¢ircular
steel plate. A sheet-metal can hcusing the in-
itiating relay and battery is mounied on the
free end of the H-frame. Aa intercunnecting
plug provides for electrical coupling between
the can and the gage mechanism. The entire
unit iy inclosed in a case made of steel pipe and
plate, Pressurc-tight sealing is accomplished
with a neoprene gasket. Fig. 4-54 shows the
rage construction, amd Fig, 455 shows tie
ware ready for use. The overall Gimensions of
the gnge are ahout 5 inches in diameter by 10
inches long, with the Range top being about 8
wches in diameter. In normal operation, the
wage top is mounted flush with the ground
surface.

The stondard initiatior system of the gage is
a cadmium.sulfide cell backed by a thermal-
sonsi - - spring-loaded link. In teats of chemi-

0 Ring Seei

Prosours inist

Figuie 4=53. Pressure Sensing Copsule, BRL
Self-Recording Prenvre-Time Goge
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Figure 4=55. AL Sell-Recording Pressure-Time Goge, Selvp

ll— )
I i bir et




D

il

UNCLASSIF!

~+S5GRE .

cal explosives, & wire signal lie can be used to
replace the photocell, with the starting signal
occurring at ze10 time minus 2 seconds.

The records appesring on the glass disc of
the self-recordiug gayes are in the form of a
pressure-time history in polar coordinates.
The time axis is calibrated by knowing the
angular velocity of the glass disc, which is de-
termined by the motor and battery used. The
pressure axis calibration is a function of the
sensing capsule used, and is determined by sub-
jecting the capsule to accurately known static
pressures and messuring the stylus deflections.
Thus, for any measured deflection, the pressure
can be computed from the atatic calibration
cu-ve for the particular sensing capsule used.

A Gaertner Toolmaker's microscope is an
effective instrument for reading the ordinstes,
A, of the record at small intervals, 3d, of the
abscissa (Fig. 4-56), becaus. the digital read-
out heads on the microscope put the readings
simultaneously into "Velecordex and IBM sum-
mary punch equipment. A computer, such a3
the EDVAC (Electronic Digital Variable Auto-
matic Computer) can then be used to linearize

2
-

-

Figure 4-56, lllusirotion of Siotic Calibration Curve
from PRL Seli-Recording Presswre-Time Goge

the time and pressure values, and to compute
peak pressure and positive impulse,

4-5.6. Tue Atisatic Research AlrBlast Goge

This gage, illustrated in Fig. 4-57, is manu-
factured by the Atlantic Research Corporation,
Alexandria, Virginia. It consists of a cylindyi-
cal piezoelectric crystal mounted on a stainless
steel housing, with leads connecting the erystal
to & suitable connector. The sensitivity of this
type of gage rangea from 500 to 1,000 micro-
micro coulombs per psi, depending upon the
individual gage,

l—o.uuu t=1/8 dia
T
' .

NOTE: All Dinsanslons in lnches

Barium Thanse Cylinder

Staintess Stesl Housing

Figure 4-57. Asiantic Research Airdiust Gage
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45.7. The Cantilsver-8eam Gage

The cantileverbeam gage consists of an
aluminum strip of predetermined size held rigid
at one ¢+ d and placed face-on to the blast. The
strip  y have SR-4 strain gages mounted on
it, to measure bending strain, or it may be un-
instrumented. If strain gages are used, their
output is recorded on recording equipment of
low {requency response, and the maximum
bending strain due to blast is measured.

The beam gages can be made of 618T alumi-
num strips one inch wide and twelve inches
long. Each gage position can consist of two
beams, one 0.091 inch thick and one 0.051 inch
thick. All heams can employ strain gages ex-
cept those 100 feei or more from tiie blast.
The beams, mounts, and strain gages of a typi-
cal installation ere shown in Fig. 4-58. The
strain gages are arranged to measure longitudi-
nal strain at a station one inch above the beam
clamp. Selected gages sre mounted on each
side of the beam, no that when a transverse load
is applied, one gage is in tension, and the other
is in compression, As a result the resistance of

T e e o

BRairotle ot L it

one is increased, and the other is decreased by
the same amount. The two resistances are con-
nected in a bridge circuit using two dummy
resistora. Using two strain gages in this man-
ner doubles the sensitivity and canceis out tem-
perature effecty and unwanted axial strains.
The change of resistance of the gages iz x\mpli-
fied and recorded by & commercial magnetic
oacillograph.

The beam gages are calibrated by firing bare
charges of known weights and measuring the
maximum strain or permanent deformation.
By varying the distance and charge weights,
maximum strain can be measured in terms of
distance from the charge, for given charge
weights, The beams thal deform plastically are
calibrated in a similar manner, exccpt that
permanent deflection is measured and plotted
versus distance from the charge. To determine
the equivalent charge weight, a calibration
curve is entered at the distance the gage is
from the charge. Then, by applying the maxi-
mum measured strain, the equivalent charge
weight can be resd or interpolated from the
curve.

Section Il (C)—=Thermal and Nuclear Radiation

&d. (U} INTRODUCTION

d4=4.1. Scope of the Section

This section discusses the general phenomena
accompanying the detonation of a nuclear
weapon, with the exception of blast effects (Ch.
4, Sec, I). The two major subjects covered are
thermal radiation and nuclear radiation. The
thermal radiation paragraph presents data con-
cerning the measurement of thermal radiation,
the thermal scaling laws, siant range versus
expozure data, and the mathematical tech-
niques for computing radiunt exposure, The
nuclear radiation paragraph discuases in detail
the units of nuclear radiation, the techniques
of measuring such radistions, data for hoth
initial and residual dosages, and the problems
asgociated with nuciear shielding.

4=4.2. Cress-Reference Intermation

As mentioned above, the blast effects of nu-
¢lear expiosions are presented in Ch. 4, Sec. L.

AEECRET s

UNCLASSIFIED -

General information concerning thermal radia-
tion and nuclear radistion as kill mechanisms
is loeated in Ch. 2, Secs. XI and XII, respec-
tively. This material should be read prior to
the present section. In addition, various chap-
ters and sections of Part Two present the in-
formation necessary o apply the data discussed
here to targets of a specific nature. Cross-ref-
erences are made, a8 Necessary, to these vari-
ous, related bodies of information.

4=7. (C} THERMAL RADIATION

4=7.1. {0} intredection

The extremely high temperatures in the fire-
ball of & nuclear explosion result in a large
emission of therms! radiation. The relatively
large fraction of the totol energy of a nuclear
explasiun which iz emitted as thermal radiation
is one of its most striking characteristics. This
=adiant energy amounts to approximutely one-
third of the total energy of an air-burst weapon

L
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Figure 4-58. The Conlilever-Beam Gage

yield; it is sufficient to cause serious burns to
exposed personnel at considerable distances.
The duration of the thermal emission depends
upon the wespon yield, being longer for the
Iarger yieids (Ref. 1).

For a surface burst having the same yield
as an &ir burst, the presence of the earth’s
surface results in a reduced thermal radiation
emission and a cooler fireball. This is due pri-
marily to heat transfer to the soil or water, the

wave, and the partial obscuration of the fireball
by dirt and dust (or water) thrown up by the
biast wave.

In underground bursts, the firebali is ob-
scured by the esrth column; therefore, thermal
radiativn effects are negligible. Nearly all of
the energy of thermal radiation is absorbed in
fusiag and vaporizing the earth. '

The energy of thermal radiation from an un-
derwater detonation is absorbed increasingly

distortion of the fireball by the reflected shock /in vaporization and dissociation of the sur-
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rounding medium as the depth of burst is in-
creased. Its direct effects are insignificant for
most practical purposes; eg., for a 20-KT
burst in ninety feet of wator, thermal effects
are negligible.

It it is assumed that the fireball in a nuclear
explosion behaves in the same manncr as the
sun, as a perfect radiator (black body}), then
the thermal radiation energy can be related to
the surface tempernture of the fireball by
Planck's radiation equation. Lf £\ da denotes
the cnergy density (energy per unit volume) in
the wave length interval A to A + d), then:

2rhet 1
EA-—T'F;?:I- “-—73)

where ¢ is the velocity of light, 4 is Planck’s
quanturn of action, & is the Boltzmann constant
{the gas constant per molecule), and T is the
abaclute temperature.

Frow the Planck cquation it is possible to
calcuinte the energy density of the thermal
radiation over a range of wave I .hs for any
specified temperature. Results obtuined for sev-
eral temperatures are presented in Fig. 4-69.
It may be noted that for temperatures exceed-
ing 8,000° K (this is the case during most of
the first radiation prlse), most of the thermal
vadiation lies in the short wave length (ultra-
vioiet) region of the spectrum.

As the temperature of the fireball decreascs,
the wave length at which the energy density is
& maximum increases. By diferentiating Eq.
4-73 with respect to A, and equating the deriva-
tive to zero, an expression for the wave length
for maximum energy density, A., can be ob-
tained. This expression is:

dE,

——=()

G =5(]-—
T\-.T 5(1—e ")

where
then, by trial,

c.='%’= 1438 om< K

C,
-:,—,-ﬁ".ml

SECREy—

C.

Au=4.9651 aw A (474)
where -
- CI — 11‘89 -
= Toei - Toi 028 em-degree K.

The wave length for maximum cnergy density
is, therefore, iuversely proportional to the abwa.
lete temperature.

Since A is & known value, it can than be
calculated that the maximum encrgy density of
thermal radiation falls just into the visible
region of the spectrum at a temperature of
about 7,600° K, This vaiue is very close to the
maximum surface temperature during the sec-
ond pulse, and it is considerably higher than
the average temperature during that period.
It is evident, therefore, that most of the radiant
energy emitted during the second puise consists
of visible and infraved rays, with very little of
the energy falling in the ultraviolet region of
the spectrum,

The intensity of radiant energy is defined as
the amount of energy passing through one
square centimeter of surface of a black body
per second. By integrating Eq. 4=73, it is seen
that the flux (intensity) of radiant energy, ¢,
is related to the absolute temperature by the
expression

ad
= fs.dz (4-15)
[ ]
pmal4 (4-76)
where « ia 2 constant equal to .
A

25 s esssx104 erg/cm* Kisec.
156Gy

The total radiant energy intensity from the
firebail then can be caleulated for any required
temperature.

As shown in Eq. 4-76, the intensity of the
radiation emitted from the fireball is propor-
tional to the fourth powar of the absolute fire-
bal! temperature. Because the surface tempers-
tures are very high during the primary pulse,
the rate of energy emission per unit area will
also be high. However, because of the short
duration of the initial pulse, the total quantity

4-83
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of radiation emitted is relatively small when

' compared with the quantity emitted during the

second pulae.

The total rate vf emission of radiant energy
can be obtained by multiplying Eq. 4-76 by the
surface area of the fireball. If the radius of the
fireball is represeuted by the symbol R, then
the area of the fireball is 4xR?, and the total
rate of thermal energy emission is o7 X 4R,
Because power iz defined as the rate of produc-
tion or expenditure of energy, this is the same
a8 the thermnl power, Then, representing the
thermal power by the symbol P,

P=dneT' R {4-T7)
P=7.13>10* T' R* ergs per secoad

where T is in degrees X and R is in cm.

However, duc to & number of factors, the
fireball does not act as a perfect radiator, This
has been proved conclusively by the results of
& number of tests. During the first radiation
pulse the surface temperature is modified by
the disturbed air immediately around the fire-
ball. At later stages, the temperature is not
that of the surface, but the result of radiation
some distance inside the fireball. In addition,
tie radius of the fircball during the secnnd
pulse becomes extremely difficult to determine,
because the surface of the fireball becomes very
diffuse. Because the fireball radius and surface
temperature will depend on yield, a different
curve will be obtained for every value of energy
yield. By mweans of scaling laws it is poasible
{o generalize the results, however, so that a
curve applicable to the second pulse can be ob-
tained for ali energy yields, from a single set
of calculations. The thernal scaling laws will
be discussed in detail in Par. 4-7.4, following.

4=12. {U) Mousuremant Techaiques

Ergs, joules, calories; or BTU/second, watts,
or even horsepower {all per some unit area)
may be used. Moat physicists, however, prefer
calories-per-square-centimeter.

When measuring spectral radiant snergy, the
unit of wave length must also be defined. The
four most common sets of units, with their
symbaols and values are presented in Tuble 4-6.

Whichever units are used, care must be taken
when absolute measurements are to be made,
because the uumerical constants (for example,
the constants of the Planck equation) are given
for a definite unit of wave length. If the c.g.s.
units for the constants are used, the wave
length must be expressed in centimeters,

4-1.2.2. Colibrotion of Instruments

Radiunt energy measurement divides itself
into two classes: the measurement of the total
radiant energy, or flux, for all wave lengths;
and the measurement of the thermal flux for
various wavelength intervsls, The first meas-
uremeni is the easier of the two, as a single
measurement may suffice. However, for accu-
rate results, the receiver must hive the same
radiant energy absorption characteriatics for
all wave lengths present.,

For spectral-radiant-energy measurements,
the absorption characteristics of the receiver
muy be included in the instrument calibration
for any particular wave length, There are two
problems involved in measuring spectral rudi-
ant energy: the separation of the energy into
diferent wavelength intervals;"and the meas-
urement of the energy within these intervals.
In addition, the radiant energy must be sepa-
rated into intervals permitting energy meas-

TABLE 4-6. UNITS OF WAVE LENGTH

4-7.2.1. Usits of Messsrement MEASUREMENT
Because radiant flux is a flow of energy, its Unit Symbol Value

value may be expressed in any of the units of

power (the amount of energy per unit time). . -

For example, the solar constart (i:tensity of Mfcron. L 1s 10 mm

radiation from the sun) is usually expressed Millimicron mp 1myu =10 mm

as the energy in calories that fails in one min-  Angstrom A iA =10 mm

ute upon a square centimeter, at the earth’s Ini =

mean distance, and normal to the sun's rays. X-Unit XU 1XU=10"mm
“SECRET 4-95
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urement without teo great an error due to
stray radiation,

When measuring total or spectral radiation,
either comparntive or absolute values may be
desived. If ahsolute values arc neccssary, the
instruments must be calibrated. The calibra-
tion of an energy-measuring device consists of
finding the response of the instrument when a
known amount of radiation falls upon it. The
best methad of achieving this is to expose the
measuring device to the rudiation from a stand-
ard radiator {black body) at a definite tem-
persture, and to then compare the reading
with the known amount of energy incident
upen it, If the surface tempernture of the
black budy is known, and the distance to the
device is menasured, by making use of the in-
verse square law (Ch. 2, Sec. XI) the radiation
incident upon the device can be calculated and
compared with the reading.

In practice, however, use of a black body for
calibration purposes i1s a tedious and expensive
operation, Therefore, incandesccnt lamps cali-
brated in terms of a specified amount of radia-
tion per square centimeter at a definite distance
and direction from the lamp, may be used.
These lamps can be obtained from the National
Bureau of Standards. To obtrin a calibration
for apectral measursments, relative intensities
within the visible spectrum fcr a lamp or other
source of known luminous intensity may be
measured, and a summation taken of the prod-
uct of this relative energy and the relative lu-
minosity, wave iength by wave length. The
calibration constant is then given by the candle-
power of the lamp, or other source, divided by
this su:n.

4-1.2.3. Bosic Comsiderations

For the general case, the amount of radiation -

that passes from the source to the measuring
device is geometrically dependent upon the dis-
tance between the two surfaces, the size of the
two surfaces, and their respective orientation
with respect to the line joining them., This
constitutes five geometric parameters, In actual
practice, the receiver is generally mounted per-
pendicular to the line joining the two surfaces,
and is calibrated to record the incident energy
per unit time and unit area. This eliminates

tlie measurement factors of size and arientu-
tion of the receiver, and reduces the variahles
to three. In additicn, fur & nuclear detonation
the orientation of the souvce is not a variable,
because the source radistes in all directions.
Thus, for field measurements of a nuclear det-
onution, the amount of radiation is geometri-
citlly dependent upon two (actors: the distance
hetween the source and the measuring device;
and the size of the fireball.

The field of radiant cniergy measurements in-
cludes not only the free-field mearurements de-
seribed above, but the study of the a'terations
produced in the charncteristics of bodies upon
which the energy falls or through which it
passes (i.e. the peflection, absorption, and
transmissivity of material bodies. Because
these values are ratios, only relative calibration
of the measuring devices is required. For ob-
jects more than a few wave lengths thick, the
reflectinn depends only on the surface charac-
teristics, while the absorption and transmis-
sivity vary with thickness,

4=1.24. instrumentation

a. Colorimetry

Calorimetry is the measurement of quantities
of hent. In general, the quantities of heat are
measured indirectly by observing the effects of
the heat on various substances. Heat effects
most frequently used for measurement are: the
rise in temperature of a mnss of Inown heat
capacity; the change of state of a subatanze
of known Iatent heat; and the trunsformation
of energy. In order to execute heat measurc-
ments, & system of units must be obtained.

For instance, if the quantity of heat required
to melt one pound of ice ia known, the measure-
ment of any unknown quautity of heat can be
reduced to the simple act of determining how
many pounds of ice can be melted by that un-
known quantity. Such is the principal of the
calorimeter. Another and more familiar meas-
urement unit is the quantity of heat required
to change the temperature of one kilogram of
water one degree centigrade (from 15° C to
16° C). This unit is defined as the calorie.

b. Rodiometer
The radiometer is an insirument designed to
measure the quantity of radiant energy by de-

4-96 SPORET——

UNCLASSIFIED



S N TR

B

-

s

 =rtNCLASSIFIED

termiuing its mechwnical «ffect. It consistz of
crossed arms of very fine gluss which have
vanes of thin mica at their cxtreme ends, These
vanas are blackened on one side with all black-
enwd nides facing in the same direction around
the axis of rotation. The instrument js sus-
pended by o quartz fibre in un evacuated glnss
vessel. When the vanes are exposed to rays
of light or heat they rotate with a speed pre-
portional to the strenpth of the thermal rays
to which they are exposed. Ir principal, heat is
absurbed by the biackened side of the vanes and
is then transmitted to such rarefied gas par-
ticlex ax remain in the vessel, The energized
particles thrust against the vanes and effect a
torsional moment. Modern radiometets are ex-
tremely efficient and accurate even when only &
single reading is taken.

« Spectroscope

The spectroscope is an optical Cevice which
uses prisms, diffraction gratings, or interfer-
ometers to separate radiant energy into ity
constituent wave lengths to produce a spee-
trtun, This spectrum may then be observed
visually, recorded photographically, or detected
by rediometric means, Among the more im-
portant uses of the spectroscope is the atudy of
the ¢niission and absorption of radiant energy
by matter. Wave lengths may he found to an
accuracy of 0.001 with a small prism spectro-

1
PR | ing &l diffraction
8COPR, G oaG000 ) Nk & large

. . 1
grating device, and within m
Fabry-Perot interferometer is utilized,

d. Summary

The radiant energy measuring devices de-
scribed mre genera! classes of instruments.
No attempt has been made to present de-
tailed information pertaining to specific in-
struments with the general class. The prob-
lems involved in modern quantitative meas-
urement of thermal radiation necessitate the
use of many specially designed messuring de-
vices. These instruments, although in general
adhering to the basic principles of calorimetry,
radiometry, and spectography, are much more
elaborate than the simple devices discuased,

if a
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Delailed information concerning the apecific
types of radiant energy measuring equipment
can be found in Refs, 48 and 50,

473, (C) Energy Partitien

Energy partition is defined as the distribu-
tion of the total energy released by a nuclear
detonation ameng nuclear radiation, thermal
tadiation, and blast. Energy partition depends
primarily upon environmental conditions; l.e.,
whether the detonation takes place in air, un-
der ground, or under water. Furthermore,
enc. gy partition has meaning only when related
to & particular time after detonation, For ex-
ample, if evaluated within the first minute, the
energy partition of & nuclear detonation in free
air, under ambient conditions varying from a
homogenous sea level atmoephere to the condi-
tions existing at 50,000 feet altitude, is in the
proportion of about 60 per cent blast, 35 per
cent thermal, and 156 per cent nuclear (5 per
cent initial radiations, 10 per cent from fission
products). The energy partition of an under-
ground burst, on the other hand, is entirely
different. There is a reduction of thermal radia-
tion received at a distance due to the amount
of heat used in vaporizing the surrounding soil,
and a reduction of air blast due to the amount
of biast energv used to produce cratering and
ground shock.

4=74. (C) Thermal Scellng

4=74.1. Generel

The fireball has beén deacribed (Ch. 2, Sec.
XI) as emitting thermal radiation in a pulse
characterized by a rapid rise tc a first maxi-
mum, & decline to a2 minimum, another rise to
& second maximum, and & subsequent final de-
cline. The first phase of this pulse occurs so
very rapidly that less than 1 per cent of the
totsl thermal radiation is emitted. Consequent-
ly, it is the second phase of the pulse which is
of interest in wespons-effects considerations at
altitudes in the lower troposphere

Throughout, the fireball icay b considered to
radiate essentinlly, though uot ideally, as ®
black body, for which the rudisnt power is pro-
portional to the radisiing sres and the fourth
power of the temperature. (See Psr. 4-T.1.
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preceding). After the radiant power minimum,
the radiuting arca and radius increase relatively
slowly, su that the radiant power is pre-
dominantly determined by the temperature
cycie of the fireball. An illustration of the ap-
parent temperature (and fircball radius) versus
time, for a 20-KT airburat, is shown in Fig.
4-60. It should be emphasized, however, that
the actun!l radiating area may vary substan.
tially from that of the luminous fireball, Very
little quantitative information is available con-
cerning the rate of growth of the fireball fol-
lowing the time at which the shock front
breaks away from the fireball (approximately
0.015 seconds for the 20-KT burst shown in
Fig. 4-60). Up to the time of break away,
however, the radius increases approrimately
as the 0.4 power of the time after detonation
(Ref. 21).

4-1.4.2. Thermal Pulse
& General

The.shape of the pulse after the radiant
power minimum (fwa) is sufliciently similar for

UNCLASSIFIZD

nuclear detonations, permitting & single curve
to be used to represent the time distribution of
radiant power emitted (Fig. 4-61). This curve
has been developed by using rativa. The ratio

P ¢
—— i3 plotted against rutic —, where —i’-
P —ay '-’ P g

is the ratio of the radiant power at a given time

to the maximum radiant power, and ;-‘- is the

-y

ratio of time after detountion to the time to the
second thermal maximum for that dewnation.

The per cent of the total thermal radiation
H
emitted versus the ratio -—— Is also shown on

Fig. 4-t1. From this figure it is seen that ap-
proximately 20 per cent of the total emission
oceurs up to che time of the second power maxis
mum, whereas 82 per cent is emitted prior to
ten-times-the-time to the second power mavi-
mum. By this time, the rate of delivery has
dropped to such a low value that the remsining
energy is no longer of significance in damage
production (Ref. 21),
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b, Instrnctions jor Using Fig. 4=51,
Gonoralised Thormal Pulse

(1) Deseription

Fig. 461 shows the scaled radiant power
relative to the secoud maximum, and the per
cent of total thermal radiation emitted, as fune-
tions of time-after-burst relutive to the time of
the second maximum. The figure appiics to
weapons burst at ultitudes between 60,000 fret
and the surface, Only the second phase (second
mxi;ﬁum) of the pulse is akown, since the first
phase includes less than one per cent of the
emitied thermal energy and ir usually neglected
in effects considerations.

(2) Sceling Procedure

The second radiant power maximum and the
time to this peak both scale as the square root
of the yield. To determine for » weapon of
yield “W* KT any inatantanecus level of radi-
ant puwer, and the corresponding time of this
level after detonation, the values obtained from
Fig. 4-61 are multiplied by Pu., 8nd ine, Te-
spectively. The iatter are determined by:

Po=4 W1 KT/sec, =4 X 10" W"* cal/see.

(4-78)
e =0.032 W/* gec, (4-79)
(3) Example
Given: A 90-KT air burst.
Find: The radiant power at 2 seconds,

and the per cent thermal radiation
amitted up to 2 scconds.

Solution: From the scaling above,
Linae =0.032 (30)4/9=0.304 second.
For a 80-KT air burst, when ¢=2.0 seconds,

¢
Reading from Fig. 4-81, fora vnluaof:-ﬂ.ﬁ.

P
tha value obtained for - waee=(.08.
Poss
From the scaling above, Pa,=4X (30)** KT/
sec.=38.0 KT/sec.

For a 90-KT air burst, when £=2.0 seconds,
P=P . ¥0,06=38.04X0.06=228 (==0.68)
KT /sec.

Reading from the per cent emitted curve, when

¢
t-_= 6.8, gives the value of 76 per cent.

(4) Rellabllity

The radiant power values obtgined from Fig.
4-61 are reliable to within =30 per cent for sir
burat yirlds between & and 100 KT. The reli-
ability decrcuses for air burst weapon yields
lower than, or above, this range. Times are
reliable to =15 per cent for air burst weapons
in the range 6 KT to 100 MT., For air burst
weapon yields lower than 6 KT, the times may
be as much as 30 per cent higher ihan those
obtained from the above scaling relationship.

Fur other types of burst, the rellability of the
scaling of radiant power is expected to be lower
than thet shown for air bursts; the reliability
cannot be estimated securately, however on the
basis of available data (Ref. 21).

4=7.4.3. Time Sceling

& General

1t has been found that both the time to the
radiant power minimum and the time to the
second maximum are proportional to the square
root ol the weapon yield. Thus, for air bursts
at altitudes below approximately 50.000 feet,
the time to minimum (L.,.) is 0.0027 Wi/t gec.
ond. Tha time to the second maximum (¢,.,,) is
0.032 W'/t gecond. (See Figs. 4-62 and 4-63.
These figures may also be used for surface
bursts,) It should be noted thet for weapon
yvields lower than six kilotons the actual values
of ta., may be as much as 30 per cent higher
than thore given by Fig. 4-62. This is caused
by the higher mass-to-yield ratio characteristics
of the low yieid weapons. These relstions indi-
cate that a one megaton weapon delivers {ta
thermal radiation over s period 32 times as
great as does a one kiloton weapon. Thia can
be expected to result {n variations in the total
thermal energy required for a given effect. The
significance of the dependence of delivery rats
on weapon ylelds is discussed in the sections

aperrr= 499
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Figure 4=51, Plat of Generalized Thermal Pulse

dealing with thermal injury and damage (Ref.
.
b, lustructions for Using Figs, 4=62 and

463, Time to Second Rediant Power
Maximum and Tine to Minimum, vs Yield

{1) Deeeription

IFigs. 462 atl 4-63 pive the time to the sec-
ond radiant power maximum ({...), and the
time to the radiant power minimum (i...}, both
as a function of weapon vield for air burst

‘weapons at altitudes below 50,000 fect. The

figures may also be used for surface bursts.

(2} Example
Civen: The air burst of a 1~-MT wennon.,
Find: The time to the radiani power

minimum, and {he time {o the sec-
ond radinnt power maximum,

Solution: Find 1 MT on the abscissa of Fig.
463, and read from the twu time
curves fmia=0.085 (x0.009) sec-
ond, and 44,=1.1(%=0.2) second.

(3) Kelinbility

The titnes read frum the fa.. curve of Figs.
4-62 and {~83 are reliable to ::10 per cent. The

simes read from the t.,, curves of Fig 4-62
and 4-83, in the range 6 KT to 100G MT, are re-
liable to %15 per cen.. For weapon vields lower
than 6 KT, the vaiues of f.., may be as much ae
30 per cent higher than those given by Fig.
4-82. (Ref. 21).

4-7.4.4. Thermal Yield

a. General

Measurements of the total thermal energy
emitted for air burst weapoas of low yvield indi-
cate that this therm.l energy is proportional
to weapon yield and is about one-third of the
tota] yield. From this and Fig. 4-61. a scaling
procedure for maximum rsdiant power may be
derived. Thus :

Pa.r=4 W2 KT/sec. or 4X 10+ W2 cal/sec.
(4-80)

Measurements from the ground of the total
therma! energy from surface bursts, although
not as extensive as those for air bursts, indicate
that the thermal vield is a little less than half
that from equivalent air bursts, For a surface
burst, thermal yield is assumed to be one-sev-
enth of the total yield. For surface bursts, the
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scaling of the second radiant power maximum
(Pu) cannot be determined on the basis of
avuilable data., Similarly, there are no data
which show what the thermal radiation phe-
nomenclogy may be for detonation altitudes in
excess of 50,000 feel. It is expected that the
thermal energy may increase with altitude of
burst. Fig, 4-64 gives & purely theoretical esti-
mate of this increase (Ref. 21).

b. Instructione for Use Fig, 4-64, Reletive
Thermal Yield vo Burst Altitude

(1) Deseriplion

Fig. i-64 gives an estimate of the relative
thermal yield for various burst altitudes. The
vilues of atmospheric tranamissivity at very
high altitudes are not known with any cer-
tainty, but are believed to be unly slightly less
than unity.
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{(2) Procedure F=relative therma! yield (from Fig, 4-64),

To ealculate for a high altitude burst the and

radiant exposure, Q, at a given slant range, =
use the following equation: ' D=slant range from detonation (yards).

(3) Exampie
8.16X10* WF
Q=——z — cal/sq cm (4-81) Given: A 10-KT burat at 50,000 feet.
where Find: Radiant exposure at 1,000 yards
W =weapon yleld {in KT), from the detonation.
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Solution: From Fig. 4-64 the relative ther-
ma! yield, F, at 50,000 feet is 1.02.
Therefore,

_8.16X10* (10) (1.02)

=322
(1000)° 822 (x45)

cal/sq cm.

Q

(4) Reliability

The values given for the relativc thermal
yield are subsect to errors of =15 per cent at
50,000 feet and to increasingly larger errors at
greater altitudes.

415, (C) Rediant Exposure Versus Slant
Range

4=15.1. Specirel Characteristics

At distances of operational interest. the spes-
tral {wave length) distribution of the incident
thermal radiation, integrated with respect to
time, resembles verv closely the spectral distri-
bution of sunlight, For each, slight!y less tian
one-hnlf of the radiation oceurs in the visible
range of the spectrum, approximately one-half
occurs in the infrared reyion, and a very small
{raction (rarely greater than 10 per cent) lies
in the ultraviolet region of the spectrum. (See
Fig. 4-59 for energy densities of various wave
lengths.) The color temperature of the sun and
an air burst are both about 6,000° K. A sur-
face burst, as viewed by a ground chserver,
contains a higher proportion of intrared radia-
tion and a smaller proportion of visible radia-
tion than the air burst, with almoet no radia-
tion in the ultraviolet region. The color

H
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RELATIVE THERMAL

%% © ) 100

BURST ALTITUDE (thousand ft)

Figure 4=64 (C). Relotive Thermol Yield vs Burst
Altirue (U}

temperature for 2 surface burst is about 3,600°
K. However, a surface buorst viewed froni the
air may exhibit a specirum more nearly like
that of an air burst.

4-15.2. Atmospheric Treasmissivity

. Generr!

The atmospheric transmissivity, T, is defined
s the fruction of the radiant expusure received
at a given distance, after passage through the
atmosphere, relative to that which would have
been received at the same distance if no atmos-
phere were present. Atmospheric transmissiv-
ity depends upun several factors; among these
are water vapor and carbon dioxide absorption
of infrared radiation, ozone absorption of
witraviolet radiation, and multiple scattering of
all radiation. All of these factors vary with
Jistance and with the composition of the at-
mosphere.

Scattering is produced by the reflection and
refraction of light rays oy certain atmospheric
¢onstituents, such as dust, smoke, and fog.
Interactions (such as scaitering) which divert
the rays from their original path result in a
diftuse, rather than a direct, transmission of
the radistion. As a result, a receiver which has
& large field of view (i.e., most militaery tar-
geta) receives radiations which have been scat-
tered toward it from many angles, as well as
the directly transmitted radiation. Since the
mechanisma of absorption and scattering are
dependent on wave length, the atmospheric
transmissivity depends not only upon the at-
mospheric conditions, but alio upon the spee-
tral distribution of the weapon radiation,

In Fig. 4-65, the atmospheric transmissivity
Is plotted as a function of the slant range, for
air and surface bursts. For each type of burst
three sets of atmospheric conditions are as-
sumed. It is believed that these conditions rep-
resent the average and the extremes normally
encountared in natural atmospheres. These
conditions correspond to the following: a visi-
bility of 60 miles and & water vapor concentra-
tion of 5 gm/cu m; 10 miles visibility and 10
gm/cu m water vapor concentration; and 2
miles visibility and 25 gm/cu m water vapor
concentration,
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The curves of Fig. 4-65 are plotted to glant
ranges equal to one-half the visibility of ench
of the three visibility conditions, Tue reason
for this is that the transmigsivity values have
not been verified for higher visibility condi-
tions. As a result, the curves cannot be extra-
polated to represent greater slant-range dis-
tances with any confidence. If the curves are
extended bevond one-half the visibility range,
there is reason to believe that the values of
teansmissivity would be too high. Where cloud
cover is appreciable, or the air contains large
quantities of fog or industrial haze, knowledye
of the interactions with the radiation is too
limited to provide estimates of atmospheric
tranamissivity.

b. Imatructions jor Using Fig. 4-63,
Atmospheric Transmissivity

(1) Deseription

Fig. 4-65 gives the atmospheric transmissiv-
ity versus slant range for three sets of utmos-
pheric conditions, fur both air and surface
burst weapons. These curves are presented
only for illustrative purposes, as they were
used to derive the radiant exposure versus
slant range curves of Fig, 4-66,

The differences between the air burst and
surface burst curves are caused by the differ-
ence in apparent radiating temperatures (when
viewed from the ground), and by the difference
in geometrical configuration of the two types
of burst. The three sets of atmoapheric condi-
tions represented are:

1. 50 mile visibility and 5 gm/cu m water

vapor.

2. 10 mile visibility and 10 gm/cu m water

Vapor.
3. 2 mile visibility and 26 gm/cu m water
Vapor,

It is believed thai these conditiona pertain
to the naturally occurring average and extreme
atmospheric eonditions,

Reference zan he made to the atmospheric
water vapor concentration curves in Fig. 4-71
to ascertain undeir what conditions of relative
humidity and ambient temperature a particu-
lar water vapor concentration will occur.
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(2) Reliabilisy

The curves of Fig. 4-65 have not been veri-
fied st ranges beyond one-half the visibility.
As a result, they are subject to considaratly
:e(;uccd reliability beyond these ranges (Ref.
21).
4=7.5.2. Reflection

If a weapon is burst in the air below 2 large
cloud, the therma! radiation is diffusely de-
flected downward from the cloud, resulting in
greater radiant exposures at a given distance
than would be received if no cloud were present.
If a weapon is burst near the earth’s surface,
the radiant exposure received at some altitude
above the earth (as in the case of an aireralt
flying above the detonation) will be greater,
because of the reflected radiation, than that
which i3 reccived on the ground at the same
distance. If the receiver is directly over the
burst and the terrain has a high albedo, the re-
flected vadiation from the terrain may be as
much as twice the direct radiation. 1f a reflect-
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ing or scattering layer such as a cloud, how-
ever, is between the detonation and the target,
the radiant exposure received will be reduced
considerably.

4-75.4. Calculation of Radlant Exposere
@ General
The radiant exposures at various siant
renges from air and surface bursts can be cal-
culated from the following expressionsa:
3.18X10 W (T)
D

(air burst)

Q=
and N (4-82)
=______1.35>(1;W L) (surface burat)

(4-83)

Q

where
Q=radiant exposure (cal/sq em),
T=atmospheric transmissivity,
W=weapon yicld (kiloton),

and
D=slant ran, 2 (yards).

The values of T for both air and surface
bursts are obtained from the appropriate
curves in Fig. 4-65. Curves showing the radi-
ant exposure {Q) a3 & function of slant range
(D) for three atmospheric conditions, for both
air and surface bursts, are shown in Fig. 4-66.
‘These curves are plotted for ranges up to one-
half the vizibility, for the reasons mentioned in
the Par. 4-7.5.2.a, preceding. The surfsce
burst curves differ from the &ir hurst curves
for two reasons: the apparent thermal yield
from a surfase burst, when viewed from the

surface ig lower then that for an air burst;

and u.i -nectral distribution of the surface
burat ir zufficiently different from that of an
air b+ o0 w0 ware.nt the use of different atmos-
ph.riv % aami: dvity curves. Radiant exposure
fr & Yorst 3. che transition zone may be esti-
ate 7 =terpolation hetwecn these curves, ag
€apv o aaa Par b, following. It should be em-
phasized that these surface burst curves apply
to the radiant exposure of ground targets.
When the surface burst is viawed from the air
(as from sirnraft) the apparent radisting tem-
perature and the thermal yield will be greater

than when viewed from the ground. All of the
curvea plotted in Fig. 466 are for a total
weapon yield of one kiloton. For weapon yields
greater or less than ons kiloton, these radiant
exposures should be multiplied by the yield of
the weapon in question.

b. Instructions jor Using Fig, 466, Rodiant
Exposure from Air and Surface Bursts

(1) Description

Fig. 4-66 presents the radiant exposure (. -,
incident radiant energy per unit area) versus
slant range curves for 1-KT air and surface
bursts. The solid curves are for the uir burst,
those above 180 We+ feet. For burats at heights
between 180 W™ {cet and the surface, the radi-
ant expusure will lie between the correspond-
ing solid and dashed curves. Until further data
are obtained, a linear interpolation between the
two curves should be made for bursts in the
transition zone (Example 2). For each type of
burst shown, three curves are presented: 50
mile visibility and b gm/cu m water vapor; 10
mile visibility and 10 gm/cu m water. vapor;
and 2 :nile visibility and 28 gm/cu m water
vapor. Fig. 4-66 is based ou the air and sur-
face burst thermal yields and the atmospheric
transmiasivity curves of Fig. 4-65.

(2) Scaling Procodure ‘
For a given slant range, the radiant expo-
sure, @, is proportional to the weapon yield, W:

Q¥

Q W,
In Fig. 4-66, Q. is given for W,=1 KT.
(3) Example 1

Given: A 40-KT detunation at a burst
height of 3,000 feet and a 10-mile

viuibility.
Find: The slant range at which the radi-
ant exposure is 10 cal/aq em.
Solution: The scaled burst height is %‘?-g.-
=685 feet; therefore, the air burst

curve should be used. Then,
Q.=10%=0.25ul/lqm.
From Fig. 4-66, the slant range at which 0.25
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cal/aq om wou'd be received from an air burst =2 100 feet; therefore, for this tran-
(visibility=10 miles) is 3,000 yards. sition bursi, the range sought will
(4) Example 2 lielo-gofthedhhnce between the
Given: A 500-KT detoaation at a burst 180 .
" height of 3,200 feet, and a 50-mile surface and air burst values. Then,
visibility. =95 -L_=0.05 cal
Findg:  The slant range at which the radi- Q=28 555 /aq cm.

ant exposure is 25 cal/sq cm.

Solution: The scaied burst height is -——;:o“;’ From Fig. 4-66, the ranges at which 0.05 cal/
( [ X ]

aq em would occur for surface and air burats
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(visibility=80 miles) are 4,100 and 7,000
yards, reapectively, The answer is then:

4.100+-:%g- (7,000—4,100) =5,700 yards.

(5) Reliakilhty

Factors limiting the applicability of Fig.
4-66 are discussed in Par, @, preceding. In ad-
dition, the reliability is expected to decrease as
the weapon yield is increased above 100 KT,
and as the slant range is increased beyond one-
half the visibility, as noted in Fig. 4-65.

4.7.4. (C) Othar Influcnces on Tharmel
Redigtien Propegation

4=1.8.1. Tepograply end Ciouds

Propagation of thermal radiation {rom a nu-
clear detonation, like that from the sun, is
affected by topography and by the atmosphere.
At close ranges, however, where the fireball
subtends a relatively large angle, the shadow-
ing effects of intervening objects such as hills
or trees are Jess than are experienced with the
sun. As discusscd earlier, (Ch. 2, See. V),
clouds in the atmosphere significantly affect the
propagation of radiation through the atmos-
phere.

4742, Fog and Smeke

Where the burst {s in the air above a fog
covering the ground, a signifi-ant fraction of
the thermal radiation incident on the fog layer
is reflected upward. That radiation which pene-
trates the fog is scattered. These two effecta
result in subatantial reductions in thermal en-
ergies incident on ground taryets covered by
fog. White smoke screens act like fog in the
attenyation of thermal radiation. Reductions

“ large aa 90 per cent of incident thermal en-
€

rZies are realized Ly dense fogs or smoke
screens (Ch. 2, Sec. XI).

44, (C) NUCLEAR RADIATION

4&-4.1. (U} lntreduction

The detonstion of a nuclear or thermo-
nuclear weapon has associsted with it certain
phenomena not typical of conventional high ex-
plosive bombs. Perhaps the unique phenomenon
is the emission of nuclear radiation. The nu-

clear radiations consist of several types of
emission: gamma rays, neutrons, beta particles,
and alpha particles. The majority cf the neu-
trons and a considerable portion of the gamma
rays are smitted simultaneously with the ex-
plosion. The remainder of the gamma rays and
the beta particles are produced by radioactive
decay of the fissionable materizls, Not all of the
uranium or plutonium is consumed by the ex-
plosion, and the material remaining emits &
portion of the alpha rays as a result of natural
radiouctive decay. Qther alpha particles aie
produced by hydrogen fusion reactions,

The nature of the radiations, either by im-
mediate emission or by radioactive decay, makes
it convenient for practical purposes to consider
them as either initial nr residual radiations.

The initial nuclear radiation is usually de-
fined as that emitted within a time apan of one
minute after the explosion. The time period of
one minute is somewhat arbitrary, and was
originaily based on the following data from a
twenty-kiloton weapon. As a consequence of
attenuation by the atmosphere, the effective
range of the radiation is roughly two miles.
Therefore, as far as effect at the earth’s surface
{s concerned, rays originating from a source at
an altitude of over two miles may be ignored.
The rate of rise of the atomic cloud, from which
the nuclear radiations emanate, is such that it
takes approximately one minute for the cloud
to reach this altitude,

For a8 bomb of energy yield greater than
twenty kilotous, the distance over which the
radiations are effective will be correspondingly
larger than two miles. However, there is also
an increase in the ra*e ! rise of the atomie
cloud. Because on¢ factor compensates for the
other, it is sufficiently accurate to consider the
effective period of the initial-xadiation as one
minute, Similarly for a bomb of lower energy,
the efective distance is less, but 80 also is the
rate of ascent of the cloud.

The above considerations are largely relative
to air burst type detonations. For underground
and underwater explosions, the line of demarea-
tion between initial and residual radiation is
less sharply defined, and it is, therefore, less
meeningful to make the diffenn‘tutlon.
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4-3.1. (U) Nuclear Radiation Units

4-3.2.1. Genural

In order to express the nuclear radiation ex-
posures, and o correlate measurement tech-
niquea to energy distributions and physiological
effects, it is necesyary to establish suitable unity
of measurement for the various radiations, The
unit used to measure the exposure to gamma
rays at any particular point is referred to as
the roentgen.

Radiation measuring instruments do not
measure the number of roentgens directly.
However, by suitable desigm, the phenomena
observed (e.g., electrical pulses, scintillation, or
film fogging) can provide a practical recording
of the exposure in roentgens. The various
radiation measuring devices (Par. 4.8.3, fcl-
lowing) are thus calibrated with a standard
gamma ray source, For this purpose, a known
quantity of radicactive cobalt or radium is
genetally used. The gamma-radiation exposure
in roentgens from such a source can be m:as-
ured xecurately with special laboratory equip-
ment, and the measurements then used to
calibrate field instruments.

It is generally believed that the harmful con-
sequences of nuclear radiations to Iliving
organisms are largely due to the chemical de-
composition of the molecules present in animal
or vegetabie colls. Fundamentally, it ia the
fonization and excitation caused by nuclear
radiations that is responsible for this action.

——r

Therefore, the amount of lonization or the num-

ber of ion prirs provice a basis for measure-
ment.

4-8.22. The Rosaiges Unit

The roentgen is defined as the amount of
gamma radiations or X-rays which will form
1.61 X 10" ion pairs when absorbed in one gram
of alr. The absorption of one roentgen is
equivglent to the shsorption of 87 crgs of
energy per gram of air, at conditions of stand-
ard pressure and temperature. The roentgen,
as a unit of radiation dosage, is defined with
reapect to gamma or X-rays, and applies only
to these radiations. Further, it s & measure of
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the strength of the radiation fleld at a given
location, not of the radiation absorbed by an
individual at that location. The radiation dose
in roentgens is thus referred to as an “ex-
posure’ dose.

4=3.2.3, Roontgen Egsivaleat Physical (Rep)
Unit

Originally the roentgen equivalent physical
{rep} was established to meet the need for an
“absorbed" dose unit. As previously stated, a
gumma ray exposure dose of one roentgen is
equivalent to the ahsorption of 87 ergs of en-
ergy per gram of air. Accordingly, the rep was
originally defined as the dose of any type of
nuclear radiation that results in the absorption
of 97 ergs of energy per gram of animal tissue.
However, it was later found that the exposure
of one gram of soft tissue to one roentyen of
gammas radiation was accompanied by the ab-
sorption of 93 ergs of energy by the tissue.
The definition of the rep was therefore revised,
to denote the dose that would produce, in a unit
volume of soft tissue, the same energy absorp-
tion aa that produced by one roentgen of gamma
or X-rays, 93 ergs per gram.

&3.2.4. The Rad Unit

As a unit of measurement, the rep, based on
the roentgen, is soniewhat unsatisfactory for
several reasons. First, because the number of
ergs absorbed is based on the amount of energy
required to produce an ion pair. This quantity
is velativelv uncartain, and as new experimental
information becomes available, the number of
ergy in the definition must change. Second, the
quantity of energy sbsorbed varies with the
material irradiated. 1o compensate for these
drawbacks, another unif, the “rad” haa been
introduced. The rad is defined as the absorbed
dose of any nuclear radiation which is accom-
panied by the liberation of 10( ergs of energy
per gram of abaorbing materfal, For soft tissue
the difference between the rep and the rad (93
ergs to 100 ergs) is insignificant, and numerical
values of absorbed dose formerly expressed as
reps may be considered eagantially unchanged
when converted to rads.
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4=8.2.5. The Roletive Disisgical Effactiveness
(RBE) Uuld

Although all jonizing radiations are capable
of producing similar biological effects, the ab-
sotted dose which will produce a certain offect
may vary appreciably from one type of radia-
tion {0 another. In other words, different radia-
tions, even though producing the same energy
absorption per unit volume, have different
effectiveness ‘'n producing biological injury. In
order to evaluate the probable effects of an ab-
sorbed dose of combined radiations (neutrons
plus gamma radiations) it ia necessary to take
the relative biological effectiveness (RBF') into
account. If, for example, & rep (or rad) of
neutruns is found to cause 30 per cent more
damage than a rep of gamma rays, it is said
that such neutrons have an RRE of 1.3. The
unit of measurement is based on assigning an
RBE of 1.0 {0 X-rays or gamma rays having a
250 KVP (kilo-volt peak). The hazard of other
radiations is mcasured in terms of effectiveness
relative to rays of this nature.

The value of the RBE for a particular typa
of nuclear radiation depends upon several fac-
tors: the energy of the radiation, the nature
and degree of the biological damage, and the
organiam or tissue under consideration. As far
as weapons are concerned, the RBE’s are esti-
mated in terms of disabling sickness and death
as consequences of a nuclear explosion.

48.2.4. The Roentgen Equivaient Mommal
{Rem) Uait
Along with the concept of the RBE, it be-
came advantageous to introduce a unit of
biological dose called the *rem” (roentgen-
equivalent-mammal), This is defined byr the
equation

Dose in rem=Dose in rad XRBE
. (4-84)
or, for soft tissue
Dose in rem=Dose in repXRBE. :
(4-85)
4-8.2.7. Tetsl Desage

Because the criterion for RBE svaiuation is
based on the gamma ray RBE being unity, the

biclogical dose in rem, for other radiations, may °

wGagueT—
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be related directly to the gnmma dose in rep or
roentgens. Mast tables of biological effects for
nuclear radiations are established in terma of
the total dosage expressed in roentgens. There-
fore, to use these tables for combined radistion
resuits, the gamuma dose in roeuntgens ia simply
added to the other radistion doasges in rem, to
determine the total dosage.

4-3.2.1. The Curle

The curie is that quantity of radicactive
material which provides 3.7 X 10" disintegvat-
ing atome per second (Ref. 49). One gram of
radium decays at such a rate. The total amount
of gamma fission products at ome hour after
the detonation of a 20-KT bomb iy 6 x 10°
curies. One megacurie (10* curies) of fission
products per square mile, distributed uaiformly
over an idezl, flat surface, produces a gamma
radiaticn dose rate of approximately 4 roent-
gens/hour, at 3 feet above the surface, at the
1 hour reference time.

4-8.2.%. Damage Sigaificance of the Rem

The biological effects of varicus radiation
doses are described iu genersl iu Chk. 8, Sec. I,
angd are consiaered in detail in Ch. 5, Par. 5-16.
However, in order to provide some indication
of the significance of the units, it may be stated
that a single whaole-body dose of 25 rem will
produce no detectable elinical results. Larger
doses have increasingly more seriour conse-
quences, and 2 single exposure of 400 to 500
rem may be expected to prove fatal to about 5¢
per cent of those exposed. Exposures of 1,000
or more rem over the whole body can be ex-
pected to produce 100 per cent fatality.

4-83. (U) Mevsuremont Tochaiques

4-8.3.1. Redietion-Matter Reuctions Used for
Measwrement

The human senses do not respond to nuclear
radiation except at very high intenaitiez, under
which conditions of itching and tingling of the
skin are experiunced. Thereforr:, special ingtru-
mental methods have been develaped for the de-
tection and measurement of the various types
of nuclear radiations, based primarily on the
interaciion of the radiations with rastter.

Thera are three important types of gamuma
ray interaction with matter, as a result of
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which the rays are scatiered or absurbed. The
first of these is genernlly referred to ag the
photoelectric effect. A gamma ray phoion pos-
sessing & kinetic energy greater than the
energy which binds the electron to the stom
tranafers all its energy to the electron, which is
consnquently ejected from the atom. Since the
photon involved in the photoelectris effect has
lost all its energy, it ceases to exist. The atom,
after losing the negatively charged electron,
now has & positive charge. This process is re-
ferred to as ionization. The magnitude of {he
photoelectric effect, like that of the Compton
effect, increases with the atomic number of the
atom and decreases rapidly with incressing
energy of the photon.

The second type of interaction of pamma
rays and matter is by the Compton effect. In
this interaction, when the gamma ray photon
collides with one of the atomic electrony some
of the energv of the photon is transferred to
the electron. The photon, with its energy de-
creased, then usually moves off at some angle to
its original direction of motion, The electron,
having acquired an additional amount of
energy, is converted into an excited (high
energy) state. This phenomenon is known as
excitatiori. The extent of the Compton scatter-
ing cffect is proportional to thc number of
electrons in the atom (ie., to the atomic num-
ber). It is greater per atom for an element of
high atomic number than for one of kuw atomic
number. Howevur, {rrespective of tiie atomic
weight of the atom, the Compton scattering ef-
fect decreases rapidly with an increase in the
energy of the garnma ray photon.

Gumma radiation can interact with inatter
in a third manner, that of pair production.
When a gamma ray photon with energy in ex-
cess of 1.02 million electron vults {Mev) passes
near the nucleur of an atom, the photon may
be converted into matter, with the formation of
& pair of particles: a positive and & negative
electron. As in the case of the photoelectric
effect, pair production resvlts in the disappear-
ance ot the photon. However, the positive
electron eventually interacts with a negative
electron to form two photons of 0.61 Mev
energy. The occurrence of pair production per

411

atom, as with the other interactions, increases
with the atomic number of the material. How-
ever, it also increases with the energy of the
photon in excess cf 1.02 Mev,

Neutrons, being electrically neutral particles,
do not produce ionization or excitation directly
in their passage through matter. They can,
however, cause innization to occur indirectly,
as a result of their interaction with certain
light nuclei. For instance, when a fast neutron
collides with the nucleus of a hydrogen atom,
enough energy is transferred to the nucleus to
free it frum its ussociated electron, and the
nucleus moves off as a positively charged, high-
eneryy proton. Such a proton is capable of
producing a considerable number of ion pairs.

Neutrons in the slow and moderate speed
ranges can produce indirect ionization in other
ways. When such neutrons are captured by the
lighter isotope of boron (boron-10) two electri-
cally charged particles of high energy are
formed—a helium nucleus (alpha particle) and
a lithium nucleus. Both of these particles sre
capable of producing ion pairs.

Indirect ionization can also resyit from the
fisslon of plutonium or urarnium isotopes. The
fission fragments are electrically charged nuclei
of high energy which leave considerable ionizs-
tion in their path (Ref. 1).

All of the processes previoualy described can
be utilized to meusure and detect the presence
and intensity of nuclear radiations.

4-8.3.2. Rediation Measurement Instruments

Two types of instruments, the Geiger
Counter and the pucket chamber (dosimeter),
are based on the formation of electrically
charged ion pairs in a gas and on the conse-
quent ability of the gas to conduct eiectricity.
Normally, a gas does not conduct electricity to
any great extent, but as a result of the passage
of nuclear radiations, and the subsequent form-
ing of ion pnirs, the gas becomes a reasonably
good conductor (Re?, 50).

The operation of scintillation counters de-
pends upon excitation. When an atom or mole-
cule becomes excited it will generally give off
the excess energy within about ome millionth
of a second. Certain materialy, uapally in the
solid or liquid state, are able to lose their ex-
citation energy in the form of visible flashes of
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light. These flashcs, or scintillations, can be

counted by means of a photomuitiplier tube and
associated electronic devices.

In addition to the direct cffects of ionizatiou
and excitation, there are some indirect conse-
quences, rotably chemical changes., One ex-
ample is the blackening or fogging of phato-
graphic @im, which appears afier {he film’is
developed. Film badges for the measurement
of nuclear radiation usually contwin two or
three picees of film wrapped in paper which s
opaque to light, but is readily penctrated by
gamma rays. The degree of fogring observed
on the developed films is a measure of the
gamma ray cxposure. In addition, sclf-indicat-
ing chemical dosimeters sre in an advanced
state of development. With these devices, the
nuclear radiation exposure can be determined
direc'ly, by observation of the color changes
accompanying certain chemical reactiony in-
duced by radiation.

The instruments employed to detect and

measure neutron intemsities, such as boron
counters and fission chanibers, are similar in
general principle to the Geiger counter.

Tissue-equivalent chambers have heen devel-
oped. In three, the ionization produced indi-
rectly by neutrons is related to the energy
which would be taken up from the neutrons by
animal tisaue,

In addition to the methods described abbve,
“foil-activation methods have been extensively
applied to the detection and measucement of
nuetrons in various velocity ranges. Certain
elements are converted intu radioactive isotopes
as a reault of the capture of neutrons. The
amaunt of induced radioactivity, as determined
from the ionization produced by the emitted
beta particles or gamma rays, is the basis of
the activation process. The detector is gen-
erally used in the form of a thin sheet (ur foil),
so that its cffect on the neutron field is ¢ ¢
significant.

A flssion-foil tmethod makes use of flagion re-
actions. A thin layer of a finsjionable material,
such as an isotope of uranium or plutonium, is
exposed to aeutrons. The fssion products
formed are highly radioactive, emitting binta
particles and gamma rays.! By measuring the

r-w,rf"D
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radioactivity produced in this manner, the
amount of fission, hence the neutron flux, can
be determined.

4-8.1.2. Appllcations of the Foli Methed

The neutron dose (in rads) absorbed at a
particular location, can be determined by apply-
ing certain calculations to the measurements of
foil activation. Iustruments based on ioniza.
tion measurements are usually calibrated by
means of foil activation date; thus, they can
also be used tu indieate the dose in rads of neu-
trons of various energy intervals. Methods are,
therefore, available for determining neutron
absorption duses in rads.

To determine the biological dose Iz remas.
once the absorbed dose in rads has been meas-
ured. the RBE for neutrons must be known.
The value of thix quantity for neutrons associ-
ated with a nuclear explosion has been in
doubt. Observations made on mice suggest that
the REBE of bomb neutrons, at distances where
casualties due to neutron absorption may be
expected, is about 1.3. Some cunfirmation of
the applicability of a similar value to man has
bean obtained, from an analysis bf the data on
radiation injury and death collected ufter the
nuclear explosions in Japan. It should b noted
that the RBE 13 an experience factor, and aa
such is conatantly subject to change.

The energics of the neutrons received at
some distance from a nuclesr explosion cover
a very wide range, from severs! million elec-
tron volts down to a fraction of an electron
volt. The determination of the compiete energy
spectrum has been calculated by Moate Carlo
Code at the Los Alamos Scientific Laboratory
{Ref. 61). It is possible, however, to obtain &
general iden of the spectrum by measurement
of the neutron intunsities within a few speci-
fied ranges.

Mensurements of this kind are made by the
use of “tharcshold” detectors of the activated
foil or fsaion foil type. For example, the ele-
ment sulphur acquires induced radicactivity
as the result of the captu.s of neutrons having
energiey greater than 2.6 Mev. Hence, the ox-
tent of activation of a sulphur foil is a measure
of the intensity of neutrons with energy in
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vxcess of 2.6 Mev. Similarly, the appreciable
tission of uraniuni-238 requires neutrons hav-
ing an energy of 1.5 Mev or more. The differ-
¢y between the two results gives the neutron
intensity in the energy range of 1.6 to 2.5 Muv.
Cther fuit materinis which are used in the same
manner are: neptunium-~237, with a fission
threshold of 0.7 Mev: plulunium-239 (shielded
with boron), with a fission threshold of 100
Mev: and gold, which i3 activated by the very
slow neulrons,

The regults of a sories of measurements,
meode at vavious distunces from a nuclear test
vxplogion, are presented in Fig. 4-67, in which
ND? on a vertical logarithmic scale is plotted
agwinst D on 8 horiznutal linear scale. N rep-
resents the number of neutrons per square cen-
timeter which pruduce firsion, ur activation of
the foily of the indicated material, at a distance
5 from the explosion. Since the actual values
of ND' are not necessary to this discussion,
relative values are given in the figure.

1t will be vbserved from Fig. 4-67 that the
variovs lines slope downward to the right, as is
to Lw expected, {ndicnting a steady decrease in
the intensities of the neutrons at all energy
ranpes, with increasing distance from the er-
plosion. However, the really significant f:.t
is that the lines are all approximately parallel.
Hence. alth~ugh the total number of neutrons
received per square centimeter cecreases with
incressing distance, the proportions in the vari-
ous energy ranges remain essentially the same
throughout. This is the so-called equilibrium
spectrum. Thus, one set of foi]l measurement
should be sufficient to indicate the total neu-
trot duse at any given location.

The converaion from the measured neutron
flux to neutron dose niay he accomplished with
the foliowing formuln (Ref, 562) ¢

D. = [0.029"!"1 .O(Nn - Nm') +a5(pr*N.)
+3.2 (N,~Ny) 4 LN I X110~
(4-86)

where Dy=the tissue dose in rads; N,= the
thermal neutron Qux; Ney NvaV,, and Ny= the
aumber of neutrons per sq cm above the thres-
hold for plutonium, neptunium, uranium, and
sulphur, respectively.

4112

Uccasionally, there is no Ny» data avaiiable,
If such is the case, the following formula should
be used to compute the neutron dose:

D= [0.029N,+ 1.8 (Npu—No) +3.2(N~Ny) +
39(N.)1X10" (4-87)

For many uses, the contribution of the thermal
neutrons to the dose is negligible, compared
with the fast neutron components, and can
therefore be excluded from the calculation (Ref.
53). The basic conversion formula is then:

D= [1-0(Nh“N.\'r) +25(Nyp~NJ) +
32(N.—N.)+3.9(N:)1 X107, (4-88)

Since & statistical ervor is involved in taking
the difference of two large numbers, Eq. 4-86
is often written in the following form:

Dy ={0.028N+1.0Npy+ 15N «p+0.7

(N +NJIX10™, {4-89)
Ry combining terms, Eqs. 4-87 and 4-58 may
be written in similar form.

4-8.4. (C} Initia! Nuclear Radiation

4-84.1. (U) Genorel

The ranges of the alpha and beta particles
produced by & nuclear explosion are compara-
tively short and, even when the fireball touches
the ground, these particles may be regarded as
inxignificant. The initial nuclear radiation may,
therefore, be considered as consisting of only
the neutrons and gamma rays emitted during
the first minute after detonation. Both of these
nuclear radiations, githough diflerent in char-
acter, can penetrate considerable distances
through the air. Further, both gamma rays and
neutrons are capable of producing harmful
eflects in living organisms. It is the injurious
nature of these nuclear radiations, combined
with their long range. that makes them such a
significant hazard.

At distances not too close to ground zero,
shielding from thermal radiation iz a rels-
tively simple matter. This is not truc for the
initial nuclear radiation. For example, at a dis-
tance of one mile from the point of burst of a
one megaton bomb, the initial nuclear radiation
would probably prove fatal to approximutely
fifty per cent of all humans, even if sheltered
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by 24 inches of concrete. In contrast, a much
lighter shield would provide complete protec-
tion against thermal radiation at the same dis-
tance,

The effective injury ranges of thermal and
nuclear radiations may vary widely. For rx-
plosions of moderate and large energy _‘lelds,
thermal radiation can have harmful conse-
quences at appreciably greater distunces than
can the initial nuclear radiation. Howaver,
when the energy of the explosion is relatively
amali, such as a kiloton or less, the nuclear radi-
ation has the greater effective range.

In discussing the characteristics of the ini-
tial nuclear radiation, it is preferable to con-
sider the neutrons and gamma rays separsately.
Although their ultimate effects on living matter
are much the same, the two kinds of nuclear
radiations differ in many respects, -

4-34.2. (U) Geammea Reys

In addition to the gamma rays which accom-
pany the flssion proce.s, additional gunms
rays are contributed to the initial nuclear mdi-
ation by other sources. A large proportion of
the neutrons produced in the fission reaction
are captured by nuclei of nonfissionable ma-
terial. As a result of neutron capture, the nu-
clei are converted into a new apecies known a3
compound nuclei, which are in an excited (high
energy) state. The excess energy is emitted
almost instantanecusly, as gemma radiation.
This radiation is referred to as capture gamma
rays, sud the process is referred to as radiative
capture,

The neutrots produced in the fission reaction
can undergo radiative capture with the nuclei
of atmospheric nitrogen, as well as with the
nuclel of the materials present in the bomb.
The interaction with nitrogen nuclei is of par-
ticular importance, because the gamma rays
emitted from this reaction have very high en-
ergies and are, therefore, much lesa easily at-
tenuated,

In addition to radiative capture by nonfis-
sionable nuclei, radiative capture may oc.ur
with nuclei of radioactive nature, thereby pro-
viding a further source of gamma radiation.
All the gamma rays produced by fission and by

radiative capture with the bomb materials sp-
pear in less than a second after the inutant of
detonation. For this reason, the radiations are
known as the prompt or instantineous gamma
TAYS.

The fission fiagments, and many of their
decay products, are radioactive isotopes which
emit gamma radiations, the half-lives of which
range from less than a millionth of a second to
many years. Because the decay commences at
the instant of fission, and because the rate of
decay is greatest at the beginning, these radio-
isotopes make a sigmificant contribution to the
initial radiation. The gamma rays liberatal by
this means ate referred to as delayed gemma
rays.

The prompt gamma rays, and the portion of -

the delayed gamma rays which comprises the
initial nuclear radiation, are nearly equal in
quantity, but they are by no means equal por-
tions of the initial radiation transmitted from
the exploding bowib, The prompt gamma rays
are produced almost entirely before the bomb
has disintegrated. Therefore, they are largely
absorbed by the dense bomb rmaterials, and
only & small portion are actually transmitted to
the atmoaphere. On the other hund, the delayed
gammsa vays are generated mostly after the
bomb materials have vaporized and expanded
into & ‘enuous gas. Thus these rays suffer little
or no attenuation before emerging into the at-
mosphere. With respect to the total initial
radistion received at & point some distance
from ground zero, the delayed gamma rays
and those rays produced by radiative capture
with atmospheric nitrogen contribute about »
hundred times as much radistion as do the
prompt rays, _

Still another possible source of gamma rays
may be mentioned. If the nuclear explosion
occurs nears the earth's surface, the emitted
neutrons can caus: what is referred to o8 in-
duced radioactivity in the materials present in
the earth. This may be accompanied by radia-
tions which will be part of the delayed gamma
rays. Since induced radioactivity is primarily
an sapect of residusl! nuclear radiation, it will
be discussed more fully in the section under
that heading (Far. 4-8.5.3.).

4 ~SREAFI
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Az is to be expected, the gamma ray ex-
posnre dose resulting from a nuclear explosion
becomies less with increasing distances from
the point of burst The relationship of the
radiation dose to the distance is dependent
upon the sams factors as those which influence
the thermal radiation: first, thc geueral de
crease due to the dispersal of radiation over an
incréasingly larger area as it moves away from
ground zero; and, second, to an attenuation
factor due to absorption and scattering by the
intervening atmosphere,

4843, (U) Newirons

Gamma rays are electromagnetic and similay
to X-rays in character, while neutrons are
nuclear particles of considerable maas. Bath,
howevey, affect the human body in the same
manner. Only extremely large doses of these
radiations can possibly be detected by the
human senses. Even though neutron radiation
vepresents only about 0.026 per cent of the
total explosion energy. the long range ponetra-
tion characteristics of the neutrons make them
a significant hazard.

Essentially, all the neutrons accompanying
the detonation of a nuclear weapon are released
fn the fission (or fusion) process. All the
neutrons from a fusion reaction, and spproxi-
mately 99 per cent of those from a fission
reaction are produced within s millionth of a
second of the initiation of the explosion. These
are referred to as the prompt neutrona.

In addition, somewhat less than the remain-
ing one per cent of the fission neutrona, called
the delayed neutrons, are emitted subsequently.
Even the delayed neutrons are produced in the
first minute, therefore, they constitute part of
the initial nuclear radiation. Some neutrons
also result from the action of high energy
gamma rays on the nuclear bomb materials.
However, neutrons from this source make such
a minor contribution that they can be readily
ignored.

The prompt neutrons, although releassd in a
very short time span, are somewhat delayed in
escaping the environment of tho exploding
bomb., This delay is caused by numerous col-
lisions of the neutrons with the nuclei present
in the bomb residue, resulting in & complex,

zig-zag path before the nestrors finally emerge.
The delay in the escape of the prompt neutrons
is, however, no more than » hundredth of a
second,

Although neutrons travel at speeds lesa than
that of light, they still travel at such apeeds
that at tliose distances from the explosion at
which they represent a Lazard nearly all of the
neutrons are received by the target during the
first second. Consequently, any evasive action
initiated at the instant of detonation would
bave little effect in reducing the total neutron
dose received.

The neutrons produced in the fisxior process
are virtually all high kinetic-energy particles.
These high energy neutrons sre generally re-
ferred Lo as fast neutrons. The scattering col-
lisions between the fast neutrons and the
atomic nuclei result in a slowing down of the
neutrons, and in a corresponding transfer of
energy to the atomic nuclei. Therefore, the
neutrons actually emerging from the bomb may
have speeds ranging from very fast to very
slow.

After these neutrons leave the environment
of the bomb, they undergo more scattering col-
lisions with the nuclei of elements present in
the atmosphere. Because of the lower pressure
and density, these collisions are less frequent
in the atmoaphere than in the bowsh, but their
effect is important. On the average, the frac-
tional decrease in neutron energy is greater
for relatively light nuclei (such as those of
oxygen and nitrogen) than for the heavier
nuclel. This results in an appreciable slowing
of the neutrons during their pamsage through
the atmosphere. Further, in some collisions,
particularly with nitrogen nuclel, the neutrons
<an be captured and become non-effective. The
probability of capture is greater with the
slower neutrons.

It is important, in connection with thy meas-
vrement of neutron radiation, to know some-
thing of the manner in which the distribution
of neutron energiss (spesds) varies with dis-
tance from ground zero. From » series of
measurements mads at the nuclear test explo-
sions in Nevada in 1958, for each particular
device tested it would appear that the energy
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spectrum remains the same over the ranges
which are of biological interest. This condition
ia referved to as an equilibrium spectrum. The
total number of neutrons per unit area received
at a given distance from growad zero decreases
with increasing distance, but the proportion of
neutrons of any particular ehergy range ap-
pears to be essentislly the same, at all distances
which are biologically of interest (Par. 4-8.3,
preceding).

4844, (C) Eftects of Allitude and Type of
Burst

& GCamma Radistion :

Air density is the controlling factor affecting
attenuation of gnmama radiation in the atmos-
phere; counsequently, gamma radiation duse
varies with air density. Fig. 4-68 illustrates
gamma radiation dose, for different yields, in
air density of 1.9 atmospheres, Reiative air
density is the ratio of the density under a given
condition to tho density at a temperature of
0° C and & pressure of 1,013 millibars (mb).
{Standard pressure=1 atmosphere=1,013 mb
=14.7 psi=29.9 inches of mersury.) Typical
relative air densities at various altitudes are
listed in Table 4=7, and information fur ob-
taining reiative air density in varioug aituations
is given in Figs. 4=70 and 4-71. The contribu-
tion of relative humidity to the atmospheti.
density is negligible as compared with those
changes which are due to temperature and
pressure. Therefo s effect is not included
in the gamma dosu agures,

A consideruble fliyctuation of zir deasity oc-
curs after the saock frunt from a nuclear deto-
nation has passed a given point. The raduced
air density in the negative rhase allows a heavy
dose of gamma rays to arrive at the point
before the air density returns to its ambient
value. This hydrodynumic enhancement varies
with weapon yield, range, and height of burst,
The enhancement factor increnses with increas-
ing yield and distance, within the ranges of
interest. From a burst close to the surface of
the esrth, there will be both a direct shock
wave and a reflacted shock wave. As & result,
the shock snhancement of ‘he dose is greater
for hursts ¢u or near tie Eaface than it is
for higher altitude bursis, where the magni-

4-118

TABLE -7 (C}. TYPICAL RELATIVE AR
DENSITIES (R), PRESSURE (), AND
TEMPERATURES (i1, AT VARIOUS ALTITUDES

(Ref. 21) (V)
4
Altitude (ft}) P (mb) R
°C) (°F)

0 1,013 15 69 0.9
2,000 940 10 50 0.9
6,000 810 0 32 080

10,000 690 -b 23 070
14,000 580 =15 6 040
20,000 460 -25 -—-13 050
26,000 350 ~35 =31 040
34,600 250 -2 -—-62 030
43,000 160 -86 =67 020
56,000 80 -66 -—-67 0.1

tude of the reflacted shock wave is small. The
height of burst above which the enhancement
due to the reflected shock wave becomes negligi-
ble is taken as the lower limit of an air burst,
for the initial gamma radiation effect. Although
a precise determination of this height is diffi-
cult, or impossible, with existing data, a scaled
height-of-burat of 1,500 Wi+ feet has beon
estimated aa the point at which the changeover
ocurs.

b, Surface Burs

Fig. 4-68 presents the initial gamina radia-
tion dose in roentgens, versus slant range, for
various yields of nuclear weapona detonated on
the surface of the earth, These curves are pre-
sented for the relative air density ot 1.0. In.
structions for interpolating for values of rela-
tive air density other than that presented in
Fig. 4-68 ave given in Par, ¢, following.

The curves of Fig. 4-68 are strictly appli-
cable only to & receiver in close proximity to
the earth's surface, such a8 & man standing
on the ground. The received gamma ray dnse
does not ail arrive directly as a line-of-aight
propogation from the source, owing to acatter
by the atmosphere, and elevation of the man
ta slgnificant distances away from the surface
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permits a larger amount of radiation to reach
him from all directions, = correct for this
eilect, the dose shown in i 1g. 4-68 should be
muitiplied by 1.3 when the receiver is three
hundred feet or more above the surface, as
would be the case for personnel in aiicraft.

¢. Durst in the Transition Zone

The shuck enhancement of the gammua radia-
tion dose from weapons detonated near the
surface will be ahout the same as that for a
surface burat. This condition holds through
mosat of the transition zone, but chengns rapidly
to the xir burst condition near the top of the
zone. For this reason, the dose from weapons
detonated in tie transition zone should be ob-
tained frum the surfuce burst curves (Fig. 4-
68} in the .nanner described.

d. dir Bursl
As used in this paragraph, the term air burst
vefers to a burst above 1,600 W2 feet. The
shock enhancement foctor of the initial gamma
radiation from an air burst is about equal to
that from a aurface burst of half the yield.
Thus, to find the initial gamma radiation dose
received by a surface target from a particular
alr burst, the dose delivercd during the surface
burst of a weapon of half that yield must be
found (which will have the sare enhancement
factor as the weapon of interest), Because the
gamma fux emitted is proportional to yield, the
dose delivered during the surface burst of the
smaller weapon must then be doubled to obtain
the dose delivered by the weapon of interest in
air (Fig. 4-68). If the target is more than 300
feat above the surface of the earth, the dose
thus calculated should once agsin be multiplied
by 1.3.
s. Inatructions for Using Figs. 468 end
4=69, Inisisl Gammsa Rudintion Dose
Jor Surfuce Bursis, and Air Donsity
Interpo’alisn Sheet

(1) Deseription

The curves of Fig. 4-88 presant the initia!
gamma raciation dcie ss a function of range
for various yieldd. From thise curves can be
determined the slant rauge at which & weapon
of given yi¢ld will produce a specified dose, or,

NCLASSIFIZD

conversely, the yield required to produce a
given dose at a desired range. i

The figure is directly applicable to bursts on
the surface or in the transition zone (heights
of burst up to 1,600 W1 fuet), surface targeis,
and conditions of standsrd relative air density.
The relviive air density to be used is an averuge
between burat point and receiver, Methods for
obtaining the proper value are detailed in Figs.
470 and 4-71, and for ready reference, atmos-
pheric properties are listed in Tables 4-8 and
4-9,

Interpoiation to obtain the initial gamma
radiation dose for conditivhs of relative air
denaity other than those prasentied in Fig. 4-68
may be scconwplished In the following manner.
Obtain the dose for the burst height and target
location of interest, and for the two values
of relative air denaity clossat to the value of in-
terest. Plot the doses, so obtained, opposite
their respective relative zir densities on the

" accompanying interpolation sheet (Fig., 4-69),

and cunnect two points with a straight line.
The desired dose is then read opposite the in-

wt

Y

—

%

r—-

GAMMA RADIATION DOSE i)

10? : = =%
0 o2 08 os o8
RELATIVE AR DENSITY (stmospherel

Figure 439 (Cl. Relofive Air Deasity Imerpolaiion
Shest ()

0

4118 "SRR o

) UNCLASSIFED



UNCLASSIF|zBm—

tersection of this line with the value of relative

when relstive air density R=N.8;
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L e lesdtenuabas
mind m;_t;n doses :::':t bomobhimd t:Otho Find: Enmm::n&? for e
same condition of burst height and target loca- .
ton. o Solution: :l:t trng::yn doses on the rd:;x;:
(2) Example 1 ! interpolation
Glven: & 10T surfce buret, with rl- R0 resptivly. Conmac tht
Find:  The dose at & point on the ground f:::':e;{ a ::nmlﬁtrlim. ‘:; :‘:‘
8,400 yards from the burst. line renr::antinz Rz‘:"f" ‘3. d“:
Solution: :‘Brox:h the 10-MT curve of Fig. 4- is resd as 3,800 r. *te
, the dose at $,400 yards is
4,000 7, (4) Rellability
(3) Example 2 The curves of Fig. 4-68 apply to surface
Given: A gammu radiation doseof 1,900 r,  burst weapons in the range of | KT to 20 NT,
TABLE 48, STANDARD ATMOSPHERIC CONDITIONS
Geometric i " Sound
Auwia T i Ogjm) Sl
0 150 1018.25 12250 34,029.1
304.79 13,02 97717 1.1896 33,91L.7
609.57 11.04 942,13 L1649 88,7944
914.36 9.06 908.18 11210 33,676.4
=19.14 7.08 875.13 1.0878 30,5679
1,6289 5.09 848.11 10586 33,430.3
3,0479 - 480 €96.94 0SMTd 32,435.2
4,5671.8 -14.69 47206 0.77163 82,2280
6,095.7 -24.69 466.00 0.66310 31,6058
70196 -84.47 376.50 0.54951 30,970.7
9,148.6 -44.35 301.48 0.45903 30,322.7
10,687.5 -54.22 259.09 0.38044 29,6618
12,1914 —54.49 188.28 0.80268 85068
13,7158 -86.49 148.16 0.23823 29,506.8
15,2393 -5649 116.64 0.18785 29,506.8
18,2871 -56.49 7231 0.11627 29,508.8
~LEORT 4119
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For yields from 1 KT to 100 KT the doses ob-
tained are reliahle within a factor of 2. For
yields greater than 100 KT and less than 1 MT,
the doses obtained are reliable within & factor
of 5. For yields above 1 MT the doses obtained
are reliable within a factor of 10. Extrapola-
tion to yields greater than 20 MT for surface
bursts is not recommerded. The range ob-
tained for & given dose will be relisble to within
19 per cent for yields from 1 KT to 100 KT,

4-120

20 per cent for yields greater than 100 KT and
less than I MT, and 30 per cent for yieids
greater than 1 MT.

J. Underground Burst

The initial gamma radiation dose from an
underground nuclear explogion at a depth of 17
feet is given in Fig. 4-72 for a 1-KT detona-
tion. For yields between 0.2 and 7.5 KT, and
depths between 12 and 22 feet, the dose is
proportional to the yield. Extrapolation to
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higher yields is unreliable., For detonations at
greater depths, the initial gamna dose is leas
than that indieated in Fig, 4=72. The magni-
tude of this reduction with increased depth is
not kmown. Th¢ gamma radiation from an
underwater burat is believed to be asimilar to
that from an underground shot, though it may
well be somewhat greater. The underground
detonation curves of Fig. 4-72 may be used to
estimate initial gamma radiation dose ax a
function of distance, for underwater bursts,
§- Instructions for Using Fig. 4-72, Initial
Gamma Radiation Dose jor an
Underground Burst

(1) Description

The curves of Fig. 4-72 present the initial
gamma radiation dose ag a function of distance
for several air dengities, for a 1-KT detonation
17 feet underground, These curves may also be
used for underwater bursts.

{(2) Scaling Procedure ‘

For other yields, at about the same depth and
the same relative air density, the dose at a given
range 13 proportional to weapon yleld For
relative air density see Fig. 470,

(3) Example

Given: A 5-KT burst 15 feet underground,
with relative air density R=09.
The distance at which 450 7 initial
gamma dose is recelved.

Find:

Solution: The guotient 1:3=90 r dose for 1

KT.

From the curve for R=0.9, the range at
which 90 r is received ia 1,100 yards.

(4) Relisbility

The curves of Fig. 4-72 apply to weapons in
the yield range from 0.2 KT to 7.5 KT, and for
actual depths of burst from 12 to 22.feet. Used
within the prescribed limita, results are good
within a factor of two, provided the soil at the
poiut of burst is not too different from the soll
at the Nevada Test Site, The error that would
be introducsd by a very different soil type is
similar in origin, but not necessarily in magni-
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tude, to the error that would be expected from
& distinctly different burial depth. At the pres-
ent time, the effect of soil type cannot be-esti-
uulllt::i Extrapolation to other yields is un-
reliable,

h. Neutron Redistion

The neutron radiation dose delivered as a re-
sult of & nuclear detonation varies widely with
different weapon configurations. Fig, 4-73
presents the neutron radiution dose versus slant
range in various air densities for a 1-KT
detonation. Fig. 4-74 presents the prompt neu-
tron dose versus slant range, for three different
weapon yields, for surface bursts in relative air
density of 1.1, The curves of Figs. 4-73 and
4-T4 may be considered as representative of
fission weapons. From these curves the slant
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TABLE 4-%. AVERAGE ATMOSPHERR

Atibuis T miibam) vl Vs,  Feah
(meters) . {m/sec.) (m)
0 + 160 101325 1.2250 340,29 6.6817% 10
10,000 - 4990  265.00 4.135 x10° 299.63 1.9646X 10~
20,000 - 5849 66293 8.891 x10~ 295.07 9.1374X10-
30,000 - 4192 1185 1.786 x10° 304,88 4.5484X 10
40,000 - 1228 2.9977 4.008 X10~ 823.80 2.0206X 104
50,000 + 950 8786 10~ 1.082 %10~ 337.03 7.5028 X 10~
60,000 - 1994 2.681X10+ 3.492 X10~ 321.71 2.3266X 10~
70,000 - 5382 6.321X10 1.004 X10+ 206.88 8.0912X 10
80,000 - 7629 1224 X1 2.165 Xx10° 281.26 3.762 X 10~
90,000 - 7629 2.268X 10~ 395 X10- 281.26 2,038 X107
100,000 - 6615 4.629X 10~ 7.128 X10~ 281.26 1043 X 10
110,000 - 4506 1.187X10~ 1.589 X10 251.28 4481 X10°
120,000 - 4046 3.610%10 1218 X10~ 281.26 1.629
130,000 + 1L74 1.256X 10 1299 X10° 281.26 6.291
140,000 + 89.53 £.336X 10~ 4208 X10° 281.26 1.585 X 10~
150,000 + 166.82 2.638X10* 1799 X10 281.26 3.803 x10°
160,000 + 243,61 1581 %10 8.56¢ X10* 28126 7.872 X104
225,000 + 49459 1.308X 10~ 4308 X10% 28126 1.368 X10°
500,000 +1120.78 854110 1187 X10 28126 3.307 X10

resge can be determined at which a weapon of
given: yieid will produce a specific dose. Con-
versely, the yield required to produce a given
dose at a given range algo can be found, The
doses predicted from Fig. 4-73 might be high
by a tactor of ten for weapons contalning large
quantities of neutron attenuating matarial. A
better estimate of neutron dose for many spe-
cific weapons may be obtained from the Nuclear
Radiation Handbook (AFSWP-1100), pub-
lished under s SECRET classification (Ref.
“).

Fig. 4-78 presents the neutron radiation doss

~122

k4

versus.slant range in various air densities for
& 1-MT detonation of a thermonuclear weapon,
and may be considered as representative of
fusion weapons. The curves of Figs. 4-T3 and
4-75 may be applisd to all bursts except sub-
surface. Neutron radistion iy not expected to
be significant for subsurface burats,

Adjustment factors for a receiver not on &
land surface are as foilows, For a receiver at
wuter surface (or within ten feet), use the
factor of 0.9 with the land surface value. For
an airborne receiver, 300 feet or more above
land surface, use the factor of 1.5,

SEONImm—

UNCLASSIFIED

P



P e |

_
s 104 a — Ty
e s T
et 3z -
axne
. Mj [
w?
HH H H aljla
p ENERRIE "l
s - 444
1] N
108 #5 L i)
. Ly
] 4 E b
]
8 :
1 H4H 4t
E - ! HH
i 4 § N
< : i
a R
3 SERLEADY
i 'n .1
et
' +
-«
: A 3 et o
= - - 44 NF
- u 4
R !
HH @
| to H P
1 ‘o
e aw .‘
oy
H* 11 F +
o*
M
1wt "
K &
] H
: I 1 £ 1
L wh

A3
° 00 LOoO LS00  ROO0  EN00 3O

SLAKT RANCE (vl

Figue 4-72 (C). initial Gomma Radiation Dose vs Slant Ronge, 1.-KT Usdergroum!
Burst, Depth 17 Fest, for Various Relalive Alr Densities (U}

e 4123

CLASSIFiZD

1

UN

-




. ———— _

4124

ot : =z
i Baw i £
-4
-4 4 44 +1 g T
Kl
* ."n; H =FJ:J:=:
l i
\ I 1 g2t
p.b) ® sty
1+ HHA 44 1
] H 14 1 '
--“IN 1 h ! { _
. T :
d ¥ I Relative Alr
. 1 Denalty ¥
§ : 8
wen * Latidls :
idaissbiss EI a’ﬂ
§ i
Y H L it
g s iyt
: b
- Z3Els :: :
" 4 v ]
4
g H¥ ihiny o"lﬂ
i N ! i
& wf 1 ﬂ:
E u hy il Fl T i
L .
H v
MEREAEEE e
! =L
4 T 233 i
i : 3
N
M
t 7] SUEERD , i i
w EPrzipEE] , J IS
H H
g
HHHH S eleteliadiio ]
113 n 1kl e et A
lo-' ~ - Jgﬂ'm'n = il
’ 6,000
SLANT RANGE (yd)

Figure 4=73 (C]. Neviron Radiation Doss vs Slant Runge for Various Relotive Alr
. Densities, 1--KT Air or Surface Bursts (Fission Weopons) {U)

NCLASSIFIED



., —— A ———

& Instructions for Using Figs. 4=73 and
4=i4, Newtron Rudiation Dess jrom
Fission W eapora

(1) Scaling Procedure

At a given range and relative air density, the
neutron dose is proportional to weapon yield.
For relative air density, see Fig, 4-70,

(2) Example

Given: A BO-KT burst at 2,000 feet above

the surface, where the pressure at

the burst point is 935 mb, the pres-
sure at the surface is 1013 mb, -

The maximum dose at a slant

range of 1,760 yards.

Solution: From Fig. 470, the relative air
density is 0.77. From Fig. 4-78,
for R=0.8, the doge for 1 KT at
1,760 yards is 6 rem. Therefore
the muximum dess for 50 KT at
1,780 yards and R=0.8 is 6X50=
300 rem.

(3) Reliubillsy .

Depending upon wempon design, the dose
values {n Figs. 4-78 and 4-74 are estimuted to
be low by as rauch as a factor of 4, for certain
experimental devices, and can be high by a
factor of 10 for other weaponas.

J Instructions for Using Fiy, 4=75, Nentron
Radiztion Dosa from Fusion Weapons

(1) Sealing Procedure

At & given range and relative air densily the
neutron dose is proportional to the yield of the
weapon. See Flg. 4-70 for determination of
relative air density.

(2) Example

Given: A 2-T burst at an altitude of
2,000 feet above the surface, where
the pressure at the burat point is
800 mb, and the pressure at the
surface is 860 mb.

Find: The slant range at which a mini-
mum neutron dose of 500 rem
would he received by a surface
taryet,

Find:

GRSy

Solution: From Fig. 4-70 the relative air
density is 0.77. The correspending
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With respect to the rate of speed of neutron
travel, any evasive action taken after the in-
stant of detonation would have little effect.
For, while it is true that neutruns travel with
speeds less than that of light, at such distances
from the exploaion that they represent & haz-
ard, nearly all of the neutrous are rececived
within & tenth of & second. This rapid rate of
delivery exists for neutron radiation regardiess
of yield.

4=B.44. (U] Shielding

& Gereral

The basic data necessary for accurate con-
sideration of shielding problemns include: the
variation of dose with distance from the puvint
of detoniation; the angulur distribution of neu-
trons and gamma radiation; and quantitative
information concerning the spectral distribu-
tion of fast neutrons. Empirical dawa and for-
mulae have been collected and presented in the
preceding sections of this chapter to supply
dose-distance relationships. The problem of
providing sufficient information concerning the
angular distribution and radiation spectrum is
& more ditficult one.

Until very recently, quantitative information
in these areas are practically non-existant. In
January 1960, the Los Alamos Scientific Labo-
ratory published the results of a Monte Carlo
calculation of the distribution of neutrons,
which give neutron fluxes and spectra as a
function of distance and time (Ref. 62). The
Nuclear?: oducts Division of the Lockheed Air-
cvaft Corporation, in conjunction with the
Aberdeen Proving Grounds Ballistic Research
Laboratories, is currently engaged in a study
of nuclear weapona radiation dotes in armored
vehicles, utilizing the Monte Carlo technique
{Ref. 54).

Richie and Hurst (Ref. 53) have contributed
much information on the angular distribution
of nuclear radiation, and have applied this data
to studies of light buildings such as those
present at Hiroshima and Nagasaki.

The utilization of these techniques involves
elaborate computer programs, and a specialized
knowijedge of the subject. Therefore, the dis-
cusaion of shielding which follows will make
certain basic assumptions, which will allow the
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development of approximate methods of com-
putation on a more genural leval, Detail infor-
mation on the more advanced techuiques may
be found in Refs. 52, 53, and 54.

b. Gamma Ray Shislding

(1) Geners] Coneiderations

Gumma rays are attenuated to some extent
in the course of their passage through any ma-
terial. As an approximation rule, it may be
said that the decrease in the radiation intensity
is dependent upon the mass of material that
intervenes between the source of the rays and
the point of observation. Therefore, it wuuld
require & greuter thickness of low density ma.
terial than of high density materisl to provide
equivalent attenuation. Actually, it is uot pos-
sible to attenuate gamma rays completely, but
if a sufficient thickness of matter is interposed
between the radiation source and the target,
the exposure dose can be reduced to negligible
proportions.

In & vacuum, gamma rays travel in u atraight
ling with the speed of light. However, in atmos-

phere, gamma radiation is scattered, particu--

larly by oxygen and nitrogen particles. As a
result, the gamma rays arrive at the target
from all directions. Most of the dose received
will come from the direction of the explosion,
but & cousiderable amount of scattered radia-
tion will arrive from other directions. A person
taking shelter behind an embankment or a hill
will be partially shielded from the direct radia-
tion, but will still be exposed to scattered
gamina rays, Adequate protection can be ob-
tained only if the shelter completely surrounds
the individual, so that both direct and scattered
radiations can be attenuated.

The shielding effectiveness of a given ma-
terial {n decressing the radiation intensity can
be conveniently represented by a quantity re-
ferred to aa the half-value layer thickness. This
is the thickneas of the particular material
which absorbs half the gamma radiation falling
upon it. Each succending half.value layer
thickness decreases the radiation dose by haif,
as follows: one half-vaiue layer thickness de-
creases the radiction dose to half of ts original
value; two half-value layers reduce it to one-
quarter; three to one-eighth; four to one-
sixteenth, and so on.




dueforlMTha-gg=2mrem.

From Fig. 4-75 ior R=0.8 and a
dose of 250 rem, read slant range
=3,400 yards,

(3) Relinbility

Reliability is very poor, due to almost cum-
plete lack of data and sensitivity of neutron
flux to weapon design. Actual dose msy be
within a factor of 10 of dose computed using
Fig. 4-76. Extrapolation of curves to siant
ranges less than 2,000 yards is not recom.
mended.

4-8.45. (C) Delivary Rote

In order to determine the amount of radia-
tion which could bz avoided by taking shelter
within & second or two of observing the lumi-
nous flash of the explosion, it is necessary to
know the rate at which the radiations are de-
livered. This differs for the gamma rays and
the neutrons.

The rate of delivery of the initial gammu

rays is dependent upon a number of factors,
the most aignificant of which are the energy
vield of the explosion and the distance from the
puint of burst. The percentage of the total dose
veceived at various times for two different cases
iz shown in Fig. 4-T6. One curve represents
the rate of delivery at a distance of 1,000 yards
from a 20-KT air burst, and the other at 2,500
yards from a 5-MT explosion. As shown in the
figure, about 65 per cent of the total initial
gamma radiation dose is delivered in the first
second, in the first case, and sbout 4 per cent
in the second case,

It ia conceivable, therefore, that if some shel-
ter could be obtained within the first second
(e.g., by falling prone bekind a substantial ob-
ject) in certain circumstances it might make
the difference between life and desth. The
curves in Fig. 4-76 also show that for a bomb
of high energy the gumma radiation may be
emitted more slowly than for one of relatively
low yield. Avoidance of part of the initial
gamma ray dose would appear to be more prac-
tical for exploaions of higher energy yields.
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Tha same general rule can be applied to any
specified fraction. For example, a one-tenth
value layer would reduce the radiation by a
factor of 10; two one-tenth value layers by a
factor of 10 (100), ete,

Strictly speaking, the haif-value layer thick-
ness concept should be applied only to shielding
against gamma radiation meetling the following
couditions: all of the radiation must be of the
same cnergy range, because different energy
gamma rays are attenvated at different rates;
and the radiation must be mono-directiona, or
the shielding material must be relatively thin.
Although none of these conditions actually ap-
ply in shielding against gamma rays from a
nuclear explosion (the rays cover wide energy
ranges, are apread out over a considerable area,

- and thizk shields are necessary), adjusted half-

value layer thicknesses can serve a useful,
practical purpose, by providing & rough ap-
proximation of the degree of attenuation that
can be achieved by means of a particulsr
amount of shielding.

The chief materials likely to be available for
shielding against the initial gamma radiations
are steel, concrete, earth, water, and wood.
The approximate half-value layer thicknesses
for these substances are given in Table 4-10.
With fair accuracy, the dala in the table are
applicable to thick shields, and to the energy
ranges that ure most significant in the initial
ramma radiation. In general, sz previously
stated, the more dense the material, the more
effective an attenuating substance it makes.

TABLE 4-10. APPROXIMATE HALFVALUE
LAYER THICKNESSES OF MATERIALS FOR
INITIAL GAMMA RADIATION

-

From the regults in the Iast column of Table
4-10, it is seen that the product of the density
and the half-value thickneas for the five ma-
tarials is roughly the same. Consequently, if the
half-value thickness of a substance is not
known, but the density is, a fair estimate can
be made of its effectiveness. This is accom-
plished by assuming that the product of the
half-value layer thickness, and the density in

pounds per cubic feet, inubout800 ”“:ud ;:‘h“

The attenuation factor of a given shield can
be readily calculated from the number of half-
value thicknesses, together with the data in
Table 4-10. For example, a 30-inch thick shieid

. , 30 inchen
of earth will contain W‘.o half-value
thicknesses. The attenuation factor is then
2'=186, so that the gamms radiation dose will

have been decreased to 1/16th of that which
would have been received without the shield.

The calculations may be simplified by the use
of Fig. 4-77, iu which the attenuation factors
are plotted for varivus thicknasses of lead, irom,
concrete, earth, water, and wood. Suppose that
at a given location, the gamma ray exposure
without shielding is 660 roentgens. The thick-
ness of a material required to veduce the dose
0 10 roentgens would be found as follows: The

required attenuation factor is %-‘-50. If the

material chosen is concrete, it can be seen from
Fig. 4=77, that the attenuation factor of 50 can
be obtained with 29 inches of concrete.

The foregoing discussion of initial gamma
radiation shiclding has been somewhat general
in nature. Enough information lhaa been pro-
vided to enable the user to make reasonable ap-
proximations of the various materials and

Density ?mu;:n‘::: thicknesses required to successfully attenuate
Material (lb/cuft)  (in.) Product the initial gamma radiations. The following
paragraph will deal with some of the more
technical aspects of gamma radiation and ab-
Steel 4% 1.82 832 sorption.
Concrete 144 6.0 864
Earth 100 15 750 I(t'--’) 'l'lnoul.le(al ::-u-;nm B
Wate 624 18 11 a narrow (coltimated) heam of gumma
Woodr 34 23 332 rays of & specific energy having an intensity of
I,, talls upon a thickness, =, of a given material,
ONN O-B—18 L ) 4129
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the intensity, I, of the rays which emerge can
be represented by the equation,

I=1, e» (4-80)

where 5, ix referred to as the linear absorpiion
cofficient. The distance, z, is usualiy expressed

" in contimeters, o that the corresponding unit

for p, is the reciprocal centimeter (ecm-)., The
radiation intensity is defined as the rate at
which the energy flows past 4 unit ares at a
given location. It is easentially proportional to
the exposure dose rate. The value of u., for eny
material and for gamma rays of a specific
energy, is proportional to the sum of the Comp-
ton, photoeleciric, anc pair production effects
(Par. 4-8.3.1, preceding). It can be seen frem
Eq. 4-90 that, for a given thickneas, z, of ms-
terial, the intensity, I, of the emerging gamma
rays will be leas the Inrger the value of w. In
other words, the linear absorption coofficient is
a mensure of the shielding ability of a definite
thichaess of any material,

The value of 4 under any givon conditions
can be obtained with the aid of Eq. 4-90, by
determining the gamma ray intensity before
and after passage through a known thickneas
of a material. Some of the data obtained in
this mantier, for gamma rays ranging in energy
from 0.5 Mev to 10 Mev, are recorded in Table
4-11. The values given for concrete apply to
the common mixtuore having a density of 144
pounds per cubic foot. For special, heavy con-

cretes, containing iron, irew oxide, or baryies,
the coefficienta are increased roughly in pro-
portion to the denaity.

By suitable messurements and theoretical
caleulations, it is possible to determine the sep-
are contributions of the Compton Effect (),
of the photoelsctric effect (upe), anud of pair
production (u,,) to the total linear absorption
coefficient. The results for lead, & typical hesvy
element, are presented in Fig. 4-78, and those
for sir, a mixture of light elemsents, in Fig.
4-79. It 18 seen that for low gamma-ray ener-
gies, the linear absorption coefficient decreases
with increasing energy. This phenomenon is
due to the Compton and photoelectric effects
(Par. 4-8.3.1, preceding). At energies in excess
of 1.02 Mev, pair production begins to make an
increasingly sigmificant contribution. There-
fore, at sufliciently high 2nergies, the absorp-
tion coefficient begins to increase after first
passing through a minimum. This is apparent
in Fig. 4-78. For eiemeats of lower atomic
weight, the increase does not commence until
exceptionally high energies are obtsined; ey,
about 17 Mev for concrets and 50 Mev for
water. :

The fact that the absorption decreases as the
gamma ray energy increases, and may pazs
through a minimum, has an impe.tant bearing
on the shielding problam. For example, a
shield designed to atienuate gamms rays of 1
Mev energy will be much less effective for

TABLE 4=11. LINEAR ABSORPTION COEFMCIENTS FOR GAMMA RAYS

Linecar Absorption Coefficient () in cm

Wiater Concrete Iron Lead

Gemma Ray
Energy (Mev) Air
0.5 L11 X 10~
1.0 , 081 x 10+
29 0.57 X 10~
3.0 ' 048 X 10~
40 041 X 10
b.G 0.35 X 10~
10 0.26 X 10+

0.097 02 . 063 7
0.0T1 0.15 04T 0.80
0.049 0.11 033 0.52
0.040 0088 028 047
0.084 0078 026 047
0.030 0071 025 050
0.022 0060 028 0.61
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radiations of 10 Mev energy, because of the
decrease in the valv- of the absorption coeffl-
cient. This is trus regardiess of the material of
which the shield is compored.

The initial gammas rays from s nuclear explo-
sion cover a wide range of energies, up to 10
Mev or more. For the purpose of making ap-
proximate shielding estimaten, an empirica
value of 4.5 Mev appears to give satisfactory
results, Tho half-value layer thicknosses pre-
sented In Table 4-10 are based on Zamma
radiation of this enetgy.

As 8 rough approximation, the linear sbeorp-
tion coofficient for gamma ruys of a particular
energy has been found to he proportisnal to the
density of the shield material; le, the linear
absorption coefficient divided by the density is
approximately the same for all substances in
any specified energy range. This quotient is
generally referred to as the mass absorption
coefliclent. This is eapec'ally true fur eloements
of Jow and medium stomic weights, where the
Compton effect makes the major contribution
to the absorption coefficient. For the lnitial
gamms rays, tho effective mass absorption co-
eficient has & value ¢ 53 to 0.021 for water,
wood, soncrete, earth, and iron; the densities
being expressed in grams per cubic centimater.
The value 0.021 has included in it an adjust-
ment to allow for the conditions applying to
thick shialds, discussed subsequently.

Using the symbol 4 for the density of the
shield msterial, Eq. 4-90 can then be rewritien
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(4-81)

whean'iupmvloulb'deﬂnld,hthcathnu-

tion factor of the spield of thiclmess » cm and
desaity » gra per cubic em. The factor .,y is,
also by definition, the mass absorption factor
oand, for initial gamma rays, is taken to be
0.021. Then:

Attentuation Fector=etttee  (4.93)

snd the attenuation factor of a thickness of z
2m of any material of known density can be
calculated to a gocd approximation, provided
the matorial conslats of elements of low or mod-
erate atomic weight,

A half-value layer, as previously defined, is
the thickness of any material which will attenu-
ate specified-energy gomma radiation by a fac-

tor of 2. Thmogttiug-?-inEq.Hloqualto&
it follows that

.Ii..-gh'-ﬂwﬂ"

2uxghetn (4-93)

where 1,/ Is the half-value layer thickness in
centimeters. From this equation, it Is readily

shown
peTyse=Log, 2=0.698
.-nd . . ¢
0.693

By B (4-94)
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Figure 4-79. Absorption Coeliicient of Air for
Gammo Rodiation
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The half-value thickneas is, therefore, in-
versely proportional to the lincar absorption
coefficient of the given materinl and the speci-
fied-energy rays, and is independent of the ra-
diation intensity or dose.

If the mass absorption coefficient g, ., is taken
to be a constant (0.021) for gamma rays in the
initial nuclear radiation, then (rom Eq. 4-94.

= 063 089 3
palp/p) 0.021p
For a tenth-value layer thickness,
10=eb’in

sty 0= Log, 10

- 230 230 _ 230
ke m(p/p) 0021

and

z.,m=%-o cm. (4-96)

Eq. 4-90 is strictly applicable only to cases in
which the photons scattered in Compton inter-
actions may be regarded as essentially removed
from the gamma ray beam. This situation
holds fairly well for narrow beams, or for
shields of moderate thickness, but it fails for
beams with a wide field or for thick shields. In
the latter case, the photon may be scattered
several times before emerging from the shield.
For broad radiation beams and thick shields,
such as are of interest with regard to shielding
from nuclear explosions, the intensity, I, of the
emerging radiation is larger than that given by
Eq. 4-90. Aliowance for the multiple scatter-
ing of the radiation is made by the inclusion of
a build-up factor, This factor is represented by
the symbnl B(x), and the value of B(z) de-
pends upon the thickness of the shield. Eq.
4-90 is now written as

1= ILB(z)err (4-97)

The magnitude of the build-up factor has
been caicuiated for a number of elements, from
theoretical considerations of the scattering of
photens by electrons. The build-up factors for
moncenergetic gamma rays having energies of
4 Mev and 1 Mev, respectively, are given.in
Figs. 480 and 481 as functions of the atomie
number of the absorbing material, for shields

of various thicknesses, expressed in terms of z.
The build-up factors in Fig, 4-80 can be applied
to the absorption of the initial nuclear radia-
tion, and those in Fig. 4-81 to the residual nu-
clear radiation (Par. 4-8.5,, following).

From the preceding discussion, it can be seen
that the half-value and tenth-value layer con-
cepts apply only to monoenergetic radiations
and thin shields, for which the build-up factor
is unity. However, as already discussad, by tak-
ing the mass absorption coefficient for the ini-
tial gamma radiation to be 0,021, an approxi-
mate empirical correction has been made for
both the polyenergetic nature of the gamma-
rays and the build-up factors due to multiple
scattering of the photons. Consequently, Eqgs.
4-95 and 4-96 are reasonably accurate when
used to calculate the initial gamma attenuation.
It may be noted that the attenuation factors in
Fig. 4-78 also include allowances for multiple
scattering in thick shields. Figs. 4-81 and 4-82
may be used in conjunction with Eq. 4-97 if
more accurate results are desired.

c. Neutron Shielding

Neutron shielding is a completely different
probiem than shielding against gamma rays.
As far as gamma rays are concerned, shielding
is a matter of interposing sufficient matter be-
tween the radiastion source and the target.
Such is not the case with neutron shielding. An
iron shield, for example, will attentuate bomb
neutrons to an extent, but it is far less effective

100
]
| o4 e —
o o
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g '° /5T
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Figure 4-80. Build-Up Factor as a Function of
Atomic Number for Gamma Rays in Initial Nuclear
Radiation (4.0 Maev)
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than the shields Whlch wili be dlscussed in the
following paragraphs.

The attenuation of neutrons from a nuclear
explosion involves severa! different phenomena.
First, the very fast neutrons must be slowed
down into the moderately fast range; this re-
quires an ineiastic scattering material such as
barium or iron. Next, the moderately fast neu-
trons must be decelerated into the slow range
by means of elements of low atomic weight,
Water is very satisfactory in this reepect.
Then, the slow neutrons must be absorbed.
This is not a difficult matter, as the hydrogen in
water will do the job nicely. Unfortunately,
most neutron captures are accompanied by the
emission of gamma rays. Therefore, as a fina]
consideration, sufficient gamma attenuating
material must be included to minimize the
escape of capture gamma rays.

In genersal, concrete or damp earth -would
represent a fair compromise for neutron as
well as gamma-ray shielding. Although these
materials do not normally contain elements of
high density, they do kave a fairly large pro-
portion of hydrogen to gslow down and capture
neutrons, and a considerable portion of caleium,
silicon, and oxygen to absorb the gamma radia-
tions. A thickness of 10 inches of concrote will
decrease the neutron dose by a factor of ap-
proximately 10, and 20 inches by a factor of
roughly 100. The initial gamma radiation
would be attenuated to s lesser extent, but if a
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aafficient thickness were employed, concrete
could be used to provide uidequate protection
from neutron and gamma radiation. Damp
earth may be expocted ts act in & somewhat
similar manner,

An increase in the attenuatior factor may be
achieved by vsing a “heavy" concrete, made by
sdding a good proportion of an iron oxide ore.
The presence of a heavy element improves both
the neutron and the gamma-ray attenuation
characteristics of the maierial. The attenua-
tion of the neutron dose by a factor of 10 re-
quires about 7 inches of this heavy mix.

The presence of boron, or & boron compound,
in neutron shieids offers certain advantages.
The lighter (boron —10) isotope of the clement
captures slow neutrons very readily, the reac-
tion being acccmpanied by the emission of
moderate eaergy gamma rays (0.48 Mev) that
are more easily attenuated. The mineral cole-
manite, which contains a large proportion of
boron, can be easly incorporated into concrete,

* Neutrons, like gamma-rays, suffer consider-
able scattering from the atmosphere, However,
at longer ranges from the peint of detonation,
the atmospheric scattering has so attenuated
the neutrons that they do not make a large con-
tribution to the total dose. At shorter ranges,

‘as in the case of gamma rays, adequate protec-

tion can be secured only from a shelter which
is shielded in all directions.

The attenuation of a narrow beam of neu-
trons by a shield can be represented by an equa-
tion similar to that applied for gamma rays:

N=N.*. (4-98)
Where ¥, is the neutron dose that would be ~
received without the shield, and N is the dose
penetrating the shield of r cm thickness. The
symbol I represents the macroscopic cross sec-
tion, which is similar to the linear absorption
coefficient for gamma rays. Actually, there is
a specific value of T for every neutron energy,
and for each type of reaction the neutron can
participate in. However, for shielding caicula-
tions, an empirical value based on actual mesas-
urements is used, This experimental = is a
complex average for all the possible neutron
interactions over the range of energies in-
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TABLE 4-12. EMPIRICAL MACROSCOPIC
CROSS SECTIONS FOR ATTENUATION OF
FAST NEUTRONS

Matertal £(em)
Water 0.1
Concrete 0.09
Iron cuncrete 016

volved. Some rcugh values of = for fast neu-
trons are contained in Table 4=12; these include
an adjustnent for broad neutron beams and
thick shields.

(U) When a substance possesses a relatively
large macroscopic cross section, this nieans
that a smaller thickness ¢ ¢ the inaterial will be
as effective as a greater thickness of a sub-
stance with a smaller macroscopic cross sec-
tion. Thus, concrete containing iron is more
effective than ordinary concrete. There is no
simnle correlation, however, between the den-
sity of the material and attenuation, as is true
in the case of gamma rays. In conclusion, it
should be emphasized that a good neutron
shield must do more than attenuate fast neu-
trons; it must be able to capture the retarded
neutrons and to gbsorb any gamma radiation
accompanying the capture process,

4-8.5. (C) Residual Radiation and Falloud

4-3.5.1. (C) Generol

Although most of the damage accompanying
s nuclear explosion occurs within a few seconds
after the instant of detonation, there is a
further hazard which extends over long periods
of time. This hazard, residual nuclear radio-
activity, is most intense when the weapon is
exploded at such an altitude that surface par-
ticles are drawn into the fireball. The intense
heat of the fireball changea the physical chaz-
acteristics of the particles, causing them to be-
come efficient scavengers of the finely divided
radioective remains of the weapon. Under the
action of gravity, these particles then fall and
are deposited over an area which may cover
thousands of square miles. The size and pat-
tern of the fallout are determined by such fac-

tors as particle size, cloud height, 2nd wind
velocity and direction.

For an air burst, particularly when the fire-
ball is well above the earth’s surface, & fairly
sharp distinction can be made between the ini-
tiat and the residual radiation. After the Rrst
minute, eszentially all of the radicactive residue
has rizen to such a height that the nuclear
radiations which reach the ground are no
longer significant. The particles are finely dis-
persed in the atmosphere and descend tn earth
very slowly. For energy yields less than 100
KT, the height of burst at which fallout ceases
to be significant is approximately 100 W* feet.
For yields in excess of 100 KT, although not
well substantiated, thig height may be conserv-
atively taken to be 180 W= feet.

With surface and, especially, subsurface ex-
plosions, the demarcation between initial and
residual radiation is not as definite. Since some

of the radiations from the bomb residues will

be within range of the earth’s surface at all
times, the initial and residual radiation cate-
gories will merge continuously with cach other.
For very deep underwater and underground
bursts, the initial radiation may be ignored.
The only radiations of significance are those
arising from the bomb residues, and these can
be treated exclusively as residual nuclear radia-
tion.

4-8.5.2. {U) Fission Products

a. General

The fission products conctitute a very ~om-
plex mixture of some 200 different isotopes of
35 elements. Most of these isstopes are radio-
active, decaying by the emission of beta par-
ticles and gamma radiation. Appreximately
0.11 pounds of fission products are formed fo:
each kiloton of fission energy yield. Initially,
the total radioactivity of the fission products is,
extremely large, but the radioactivity falls off
at a fairly rapid rate.

At one minute after & nuclear detonation, the
radicactivity from a one-kiloton weapon (0.11
pounds of fission products) is comparable to
that of & hundred thousard tons of radium.
Thus, it can be seen that the radioactivity pro-

duced by megaton explosions is enormous. In-
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deed, the radiation intenaity at the end of the
first day is still large, even though it has de-
«reased by o factor of about 6,000 from the
concentration present one minute after deto-
nation.

An indication of the rate at which the fission-
product radicactivity decreases with time may
be obtained from the following approximate
rule: for every seven-fold increase in time
after the explosion, the activity decreases by a
factor of ten. For exnmple, tsing the radiation
intensity at 1 hour after det.uation as a refer-
ence point, at seven hours ajter the explosion

the intensity will be I_nﬂ%m a

hours it will be '_..._...._._..I“""“"l‘;‘“ 1 hr

Intensity at 1 hr
10°

at 72 hours it

will be , ete. This rule is

ruughly applicable for ubout 200 days after the
exploaion, after which time the radiation inten-
sity decays al & more rapid rote,

b. Redistion Dose Rate

Fig. 4-82 presonts data concerning the de-
creasc of activity of the flssion products, by
plolting the time after the explosion againat
the ratio of the exposure-dose-rate to the one-
hour-reference-dose-rate. It is to be nated that
at great distances from the ground zeru of high
yield explosions, the flision products may not
arrive until several hours have elapsed. Never-
theless, the hypothetical dose rate at ane hour
fs still uzed as a reference in making calcula-

By means of this reference dose rate and the
curve, it is possible to determine the dose rate
at any {ime after detonation. Thus, if the dose
rate at 24 hours is desired, Fig. 4-82 is entered
at the point representing 24 hours on the hori-
zontal scale. Moving vertically until the plotted
curve is intersected, it is seen that the required
dose rate is 0.02 times the l-huvur reference
dose rate, or 0.02X100=2 roentgens per hour
(r/hr).

If the dose rate at any time is known, the
rate at any other time can be determined by
comparing the ratios to the l-hour reference
for the twu given times. For exampie, if the
dusc rale at 3 hours is known to be 50 roent.
gens, the value at 18 hours s 50)(‘:;0::-5‘7
r/hr, where 0.031 and 0.27 are obtained from
Fig. 4-82.

The results in Fig. 482 aiso may be repre-
sented in an slterrnate form, as in Table 4-13.
This is & more convenient, aithough less com-
plete presentation of data. The 1-hour refer-
ence dose rate is taken as 1,000 (any radiation
units dusired). The dose rates at a number of
subsequent times are given in the table, If the
dose rate at any time after the explosion in
known, the dose rate at aay other time, within
the limits of the table, can be determined by
simple proportion,

TABLE 4-13. RELATIVE DOSE RATES AT
VARIOUS TIMES AFTFR A NUCLEAR

tions. In such a case, the reference value is DIPLOSION
defined to be what tie dosa rata would have
poon one ’:z‘:p?:g’l:h:h:’t"’:l:?“’ if the fallout Time Relative Time  Relative
y Dose Rate ¥ Dose
For example, at & given locaticn the fallout {hours) Rate houis) Rate
commences at five hours after detonation, At L 1,000 30 17
15 hours the frllout is complete, and the ob- '
sarved dose rate is 8.9 roentgena per hour. 1% 610 40 12
Entering Fig. 4-82 at 16 hours, on the lower 2 440 60 7.3
scale, nnd reading the scale at the Jeft opposite 3 270 100 4.0
the intersection of the curve and the 15-hour 6 150 200 1.7
line, it is found thay 2RETSS: dose rate (r/h7) 7 o7 400 0.75
dose rute (r/hr) 1b 63 600 0.46
=(,039. From this the 1 hour reference dose 16 39 800 0.38
rate = T)%%{T 100 roentgens per hour. 20 21 1,000 0.25
4138 g .
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Fig. 4-82 and Table 4-13 are used cnly for
the calculations of dose rates. In order to
determine the actual or total radiation dose
received it is necessary to multiply the dose
rate by exposure time, taking into account the
decay of the fiasion products with time.

The mixture of radicsotopes constituting the
fission products is so complex that a mathe-
matical representation of the rate of decay in
terms of individual half lives is impractical
However, from experimental cata it has been
determined that, for the period of several min-
utes to several years after detonation, the over-
all rate of radicactive decay can be expressed
by the relativeiy simple equation

Rate of disintegration=4,t** (4-99)

where ¢ is the time after the explosion, and 4,
is & constant factor (defined aa the rate of dis-
integration at unit time) that is dependent on
the quantity of fission products. With appro-
priste values of A,, this equation can also be
used to give the rates of emission of beta par-
ticles or gunmma rays. A beta particle is
emittod with each disintegration, but gamma
ray photons are liberated only in approximately
half the disintegrations. The exact fraction
varies with the time after the explosion.

In considering the dose rate due to fiaslon
products, the gamma xayr, because of their long
range and penetrating power, are of much
greater significance than the beta particles.
{This is not true if the beta pariicies are on the
skin or within the body.) Therefore, for moat
cases the beta particle radiation can be
neglacted when estimating the dose rate varia-
tion with time. Since the gamma rays in the
early atages of flasion-product decay have
higher envigies than those emitted lster, the
duse rate cannot be directly related to the rate
of emission of gamma rays. However, for the
period of practical interest, the mean energy
of the gamma ray photons may be approxi-
mated as a constant 0.7 Mev. Although the
fraction of gamma ray emiasions varies slightly
with time, a fair approximation is then,

where r, is a conatant, equivalent to the refer-
ence dosc rate at a unit time. Usually the time,
¢, is expressed in hours, and r, is, thercfore, the
reference dowe rate at one hour after the ex-
plosion. If », represents the dose rate from s
certain quantity of fission products at ¢ houry
after the explosion, then, from Eq, 4-99,

(4-101)
taking logarithms

Log -E-'-= ~12Logt  (4-102)
[}

Using Eq. 4-102, a log-log plot of 2 agaiust
¢ should give a strau;ht line of llope -12
When ¢=1, r.-r. and -—-—1. This is the basic
reference point throug‘h whlch the line of slope

= 1.2 is dvawn in Fig, 4-32.

If the time, ¢, ls in hours, the radiation ex-
posure dose rates r, and 7, are expressed in
roentguns per hour, The total dose in roentgens
can be readily determined by direct integration
of Eq. 4~100. For the interval from ¢, to &
hours after detonation

4

total dose=r, f gt
[N

~25ls

)

wbr, (

total dose=

formpyes ).

(4-108)

Hence, if the reference dose rate r, (roent-
gens per hour) is known, the total dose (roent-
gena) may be calculated for any period, The
curve in Fig. 4-83 is derived from Eq. ¢-108
with ¢, taken as 0.0167 hour (1 minute), the
time at which the residual nuclear radiation is
postulated as beginning.

Another application of Eq. 4-103 is the ds-
termination of the length of time an individual

Gamma Radiation Dose Rate=r it can stay within an area contaminated by fission
(4-100)  products, without recelving more than a speci-
4138 . e
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fied dose of radiation. In this case, the total
dosa is specified; ¢, iz the known time of entry
into the region; and & is tha time at which the
exposed individual must leave, The reference
dose rate, v, Tuust be known before the equa-
tioc can be solved for varioua values of ¢,

(Ref. 1),
4-3.5.3. (C) Nervirea-lnduced Activity

a Air Burst

The neutron-induced gamma activity from
an sir burst will depend on soil type as well as
weapon type and yield, It is therefore imprac-
tical to attempt to define & height of burst above
which this effect conses to huve mihury sig-
nificance,

b. Burst in the Transition ZLove

(1) General

Even if a nurlear weapon is dotonnted ata
height of buryt above that at which fallout is
expected to be a hazard, the radicactivity which
in induced in the soil by neutrons still can give
rise to dose rates of military impurtznce in the
vicinity of ground zero. The type, intensity,
and encrgy distribution of the residual activity
produced will depend on which isotopes are pro-
duced and in what quantity. This, in tura, de-
pends on the uumber and energy distribution
of the incident neutrons, and on the chemical
composition of the soil. Induced contamination
contours are indenendent of wind effects, except
for some wind redistribution of the surface
contaminaut, and cin be expected to be roughly
circular,

Four soils have been chosen to illustrate the
extent of the hazard which may be expected
from neutron-induced activity. The solls were
selected to illustrate wide variationa in pre-
dicted dose rates; the activity from moat other
soils should fall within the range of activities
presented for these soils. The chemical compo-
sition of the selected soils is shown in Table
4-14 (Ret, 21).

The elements which may be expected to con-
tribute most of the induced activity are sodium,
manganese, and siuminum. Small changes in
the quantities of these materisls can change tue
activity markedly; however, other elements
which capture neutrons can also influence the

4140

magnitude of the activity, The elements are
listed in Table 4-14 in the order of their prob-
able Importance as far as induced activity is
concerned,

Fig. 4-84 indicates the manner in which the
induced activity ix expected to vary with slant
range and weapoti type. H + 1 hour dose rates
for the four soils may be obtained by multiply-
ing the dose rate obtained from Fig. 4-84 by
the multiplying factor for that soil, as given in
the instructions for use of the figure (Par. 2,
following).

In order to calculate the dose rates at times
other than one hour after the detonation, decay
factors may be taken from Fig. 4-85, which
represents the decay characteristics of the four
sails, The decay factors are constants, and are
muitiplied by the value of the dose rate at one
hour, to give the rate at any other time,

Fig. 4~86 iy presented to facilitate computa-
tion of wtal dose. Multiplyitig factors may be
obtained from this figure which, when upplied
to the one-hour dose rate for the particular
soil (Type I}, will give the do.e accumulated
over any of severil periods of time, for various
times of entry into the contaminated urea.

When applying the data presented to soils
other than those used for illustrative purposes,
the activity should be estimated by using the
data for the fllustrative soil which most closely
resembles the soil in question in chemical com-
position. [f none of the illustrative soils resem-
bles the soil in question very closely, the follow-
ing remarks should be kept in mind, For times

less than H + 1/2 hour, aluminum is the most.

important contributor. For times batween H +
1/2 hour and H + § hours, manganese is gen-
erally the most important element. In the ab-
sence of mauganese, the sodium content will
probably govern the activity for this period.
Between H + & hours and H + 10 hours,
sodium and manganese content are both im-
portant. After H 4 10 hours, sodium will gen-
erally be the only large contributor. In the
sbaence of sodium, mapganese, and aluminum,
the activity will probably be Jow, and will gen-
erally be gcverned by the silicon content. Soil
type IV is an example of this latter type. Thus,
the time (of interest) after H time is of sig-
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TABLE 4-14. CHEMICAL COMPOSITION OF SELECTED SOILS

Percentage (by weight)

Soil Type 1 Soil Type III Soil Type IV
Liberia, Soil Type II Lava Clay, Beach Sand

Element Africa  Nevada Desert Hawaii Pensacola, Fla.
Sodium 1.30 0.16 0.001
Manganesge 0.008 0.04 294
Aluminum 7.89 6.90 18.79 0.006
Iron 315 2.20 10.64 0.005
Silicon 3310 32.00 10.23 46.65
Titanium 0.30 0.27 1.26 0.004
Calcium 0.08 2.40 0.45
Potassium 2.70 0.88

) Hydrogen 0.39 0.70 0.94 0.001
Boron 0.001
Nitrogen 0.065 0.26
Suiphur 0.07 0.03 0.26
Magnesium 0.05 0.60 0.34
Chromium ces 0.04
Phosphorus 0.008 0.04 0.13
Carbon 3.87 9.36 cees
Oxygen 50.33 50.82 43.32 53.332

nificance in the choice of the most representa-
tive soil {ype.

If a weapon is burst at such a height as to be
in the transition zone (from the fallout stand-
point), the neutron-induced activity ean gen-
erally be neglected if the burst height is in the
lower three quarters of the faliout transition
zone. For weapons burst in the upper quarter
of the fallout transition zone, the neutron-
induced activity may be significant when com-
pared to fallout. For the cases where fallout
dose-rate contour parameters, are much smaller
than those for & burst on the surface, an idea
of the magnitude of induced activity may he
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obtained from Figs. 484 through 4-86. The
overall contour values may then be obtained by
combining the induced activity and fallout ac-
tivity. For these cases, it must be remembered
that fission products and induced activity will
decey at different rates. This necessitates a de-
termination of the magnitude of each type of
activity for each time of interest.

(2) Instructions for Using Fig. -84,
Neutron-Induced Gainma Activity
{a) Description

Given the weapon type and the slant range
frorm the point of burst to the point of interest,
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the induced gamma dose rates can Le estimatod
wsing Fig. 4-84. These rates are for the vicin-
ity of ground zero at H + 1 hour, for bursts
aver soils similar in composition to the four
soils listed in Table 4-14. To estimate the dose
rate, enter the slant range axis with the slant
distance in yards, read the dose rate for the
appropriate weapon type, and multiply this
dose rate by the appropriate factor for the soil
type of interest. Soil types I, II, 1II, and 1V
are multiplied, respectively, by the factors of
0.11, 1.0, 12.0, and 0.0026.

(b) Sealing Procrdure

For yields other than 1 KT, multiply the dose
rate read froin the curve by the yield in KT.

.{¢c) Ezample

Given: An average neutron-flux G60-KT
weapon burst at a height of 900 feet abeve aoil
of Type IIL

Find: The H + 1 hour dose rate at ground
zero, and at 600 yards from ground zero.

Solution: From the average neutron flux
weapon curve of Fig. 4-84, the dose rate at
H + 1 hour at ground zero (300-yard alant
range) is 9 r/hour, per KT of weapon yield. The
multiplying factor for soil type 11! is 12, ‘There-
fore, the dose rate at ground zero one hour
after detonation of a 50-KT weapon over soil
type 111 is:

50X12x9=§,400 r/hour.

At 600 yards from ground zero the slant
range is 670 yards. From the curve, the in-
duced gammu intenaity is 0.835 r/hour per KT
of weapon yield at this distance. Therefore, the
dose rate 600 yards from ground zero, one hour
after detonation of & 50-K1' weapon over soil
type 1L is:

50X 12X0.35=210 r/hour.

{d) Reliability

Dose-rate values taken from the curves for
the soils presented are correct to within a fac-
tor of 5, for the conditions indicated, Fo? other
soils, the data will merely furnish an eatinate
of the magnitude of the hazard (Ref. 21).
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(3) lastructions for Using Fig. 4-85, Docay
Factors for Neutrow-Induced Gamian

Activity

{a) Descriplion

From the dose rate at H+1 hour, the dose
rate at any other time ia obtained by computiag
the product of the appropriate decay factor
from Fig. 4-85 and the 1-hour dose rate (see
Example 1)}. The decay curves may also be
used to determine the value of the dose rate at
H+1 hour, .y means of the dose rate at a later
time, In this case, the measured dose rate is
divided by the appropriate decay factor (see
Example 2).

(b) Example 1

Given: The dose rate, at a given point on
soil type I, is 30 r/hour at H+1 hour.

Find: The dose rate at that point at H+14
hour, and at H+ L0 hours.

Solation: From Fig. 4-8G, the decay factors
for soil type I for 14 hour and 10 hours are 3.0
and 0.083 respeclively. The dose rate at 14
hour is

30X3.0=90 r/hour,

and the dose ra: 10 hours is
30X0.083=2.5 +/hour,

(c) Ezample 2
Given: The dose rate at a given point on soil

_type II, 20 hours safter detonation, is 1060

r/hour,
Find: The dose rate at the same point 1 hour
after the detonation.

)

Solution: From Fig. 4-85, the decay factor °

at 20 hours is 0.24, Therefore, the dosa rate
at 1 hour is

100
Wﬂ? r/hour.

{d) Reliability
The reliability ia the same as for Figs. 4-Ba
and 4-36.

(4) Instructions for Using Fig, 4-86, Tolal
Netiron-Indueed Gamma Dese for Soil
Typel

(a) Description

From Fig. 4-86 can be obtained the total

SOy
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doae that will be received by a person en*ering  unit of dose rate (r/hr), at one hour after ag
a contaminated area of soil type [, in terms of  detonation over that soil. The various carves
the tims-of-entry and time-of-stay. The verti- represent times-ofstay in the contaminated
cal axes giva the accumulated dose for each area. To determine the accumulated dose, a

100 ..
. T ' .
H I 1 } ] }
X
-
pogng b 4
T ‘1%1"‘”_‘" ] E
i Y BEdEE ssgteamipy i
T Vo YRS i H jiteesizecie:
[} ‘~

&m ¥u 1R ) H 4 44 -‘
EE N
E:.': .;:'_ axl k 1] H F H

NI
J

L
L

QOSE RATE ir/hr)
-
-

g2
Sy, Resase

110
H
H

L7

e
e
:
FH‘
i
“
ﬁ":, LEs
b
i

. al 3 : ‘}( C.,‘

. RN ta13i5ail %“% 3 |
! il B W
= | 443 H 5 BEZ33 .’ E-:._,' :' ﬁ" Y
" ! -11-. ;#n- ‘-.E 11 . -ﬂ-‘ =%;::;:n
R e R e s e e

SLANT RAWGE tyd)

- Figure 484 (C). Naviron-induced Ganwna Activily vs Slont Range (0 to 1,400 Yards),
"1 ot a Reterence Time of One How Alter Bursl, for a 1-KT Yield (U)

’ SeET— cle

. |
‘ N - ‘ o) il Dl s |
- U CLASSIFIED




-

=—HNOLASSIFT

multiplication factor is taken from the vertical
axis, corresponding to the intersection of the
time-of-stay curve and the time of entry. The
prodv : f this multiplication factor and the
dose 1.2 at one hour gives the accumulated
dose.

(+ Evample
Given: The dose rate in a given area over

" Find: The total dose received by a man who
enters the area 5 hours after detonation and
remains 0.3 hours.

Solution: From Fig. 4-86, the intersection
of the line for time-of-entry of 6 hours after
detonation with the 0.3-hour tirae-of-stay gives

" & factor of 0.09. Therefore, the accumulaied

soil type I at one hour after detonation is 300 908 i#:
r/hour. 400X0.99=27
1000w
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e Swurjoce and Subsurface Bursts

For surface and subsurface byrsts, Jhe resid-
ual radiosctive contamination from fission
products is vastly greater thau the neutron-
indvced activity. As a result, neutron-inditced
activity can generally be neglected for surface
and subsurface burats,

d. Cloud Contamination -

(1) Gesmersl

Much of the radioactive material of the nu-
clear explosion is airborne. This nuclear cloud

may constitute a great’ radiation ..azard for

some time for personnel in aircraft flying
tirough it. The cloud size and rate of rise vary
with the yield of the bomb and the prevailing
metecrologieal conditions. In fair-weather det-
onationy, except where meteorclogical condi-
tiona such as high wind velocities are invoived,
the top and bottom of the mushroom head of
the cloud have been observed to stabilize In
altitude at a time approximately 6 to 10 min-
utes after detonation, independent of yield. The
altitude above vurst paint of this portion of the
cloud incresses with weapon yield, when other
factors remain the same, Fig. 4-87 illustrates
this {or yields between 0.1 KT and 100 MT,
The height of a nuclear cloud is influenced by
atmospheric conditions, which include the tem-
persture gradient, winds, relative humidity,
and the height of the tropopausn. Because these
atmospheric effects aru very comiplex, and also
because it would be moat difficult to consider
all posuiblc weathor variations, a quantitative
treatment of tho effect of atmosphuric condi-
tions om cloud heights is not inciuded in this
publication. The percentage of muximum cloud
height reached by the cloud, ut any time after
a detonation, und before stabilization, is rela-
tively independent of the yield. The diameter
of the cloud increnses rapidly at times earlior
than 1 minute after a detonation. After about
* minute, the width of the cloud increases morv
slowly, until the cloud reaches its maximum
altitude. This ia true for all vields except those
that are extrumely larpe. If the vield ir large
enough for the cloud to reuch the tropenause,
the cleud rises more slowly upon reaching this
level and inercases in Inieral dimemsion more
rapidly, as though Nattening out against a ceil-

ing. The rate of lateral growth of the cloud
during this time is about three times the rate
before reacking the tropopause. After reach-
ing maximum altitude, the diameter slowly in-
creases as the cloud drifts downwind.

(2) Instructiens for Using Fig. 4-87,
Stabilined Cloud Altitwdes

(a) Example

Given: An 80-KT burst at 3,000 feet above
uml

Find: The altitude above terrain of the top
and bottom of the stabilized cloud.

Solution: From Fig. 4-87, a cloud from an
80-KT burst stabilizes above the barst point at:

top =052,000 feet
and
bottom=38,000 feet.

Therefore, the altitude above terrain is:
top  =62,000+3,000= 55,000 foet

and :

battom=_38,000+3,000=41,000 feet,

(b) Reliability

It is expected that clouds will not rise above
the burst point more than 20 per cent higher
than indicated. However, extremes in meteoro-
logica} conditions, such as winds of 50 knots or
greater, can cause clouds from wenpon yields
less than 100 KT to rise only half as high as
indicated. For yields groster than 100 KT,
under almost all conditions, meteorological con.
ditions are less important in limiting the witf-
tudes given,

4-3.54, (C) Rodiesctive Cantomisation sad
Falleat Paticrus

o Air Durst

The surface contaminstion effccts of fallout
from an air-burst wenpon are militarily insig-
nificant in most cases, because the boml; elnud
carries practically all the radicactive bomb
debris to high altitudes. In gencral, by the time
this material can fall back to earth, dilution and
radioactive decay will have decreased the ac-
tivity to levels which are no longer important.
An exception muy eceur in the cuse of & amall-
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yield weupon burst in the rain. In this case, the
scavenging effect of the precipitation may cause
& rain-out of radioactive material, creating a
hazard to personnel located downwind and
downhill, although outside the haz~rd area of
initial radiation and other nuclerr effects.

The range of weapon yield: for which rain-
out may become hazardouc is not large, but
quantitative treatment of the problem is diffi-
cult. The contaminaticn pattern on the ground
deperds upon two major dynamic proceases,
each of which is extreinely sensitive to several
factors. The major processes are: the scaveng-
ing effect of precipitation on suspended fission
products in the atmosphere; and the flow and
ground absorption of rain water after veaching
the ground. Some of the factors which influ-
ence the acavenging effect are the height and
extert of the rain cloud, the raindrop size and
distribution, the rate of rainfall, and the dysa-
tion of precipitation. Other factors of signifi-
cance are the position of the nuclear cloud
relative to the precipitation, the hygroscopic
character of the flasion products, the solubility
of the fission products, and the size of the fis.
sion fragments, The fiow and ground absorp-
tion of the rain water will, in turn, depend upon

such factors 2s the s0il porosity, drainage fea-
tures, including rate of drainage, and the
degree of soil saturation.

Even in extreme cases, the rainout from an
air burst should not be a serious military
problem for vields in excess of 20 KT, and for
the average case, it should not be a serious
problem for yields in excess of 8 KT. Although
the weapons of greater yield produce more
radioactive material, the updrafts carry the
bulk of the material up through the weather to
an gititude above the level of precipitation,

Where a rain-out problem do=s exist, it must
be evaluated with respect to local conditions.
Ditches, puddles, and low ground where water
collects should be avoided by persoanel unless
survey indicates these areas are safe. Caution
should be .xercised for a considerable distance
downwind 21:d downhill from the burst. How-
ever, as long as drainage is taking place, the
rate of decrease in intensity is likely to be
greater than decay laws predict,

In addition to rain-out, another contamina
tion mechaniam assumes sotne importance in
the case of a low air burst. This is the forma-
tion of radioactive elements in the soil by action
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of the neutrons vmitted by the weapon. 'Ac-
tivity induced in this manner is treated in Par.
4-8.6.3, preceding.

b. Surface Hurn
(1) Land-Surface Burst

The radiation activity available from weapon
components, at a refercnce time of one hour
after the detonation, is approximately that cor-
responding to 300 megncuries per kiloton of
bomb yield. For a burst exactly at the carth’s
surface, roughly fifty per cent of the activity
avaiiabie is depusited in the general vicinity of
the detonation, while the remainder is carried
hundreds, or perhaps thousands, of miles from
the point of detopation by the winds of the
upper atmosphere.

In a complete calm, the {all-out contamina-
tion forms a roughly circular pattern around
the point of detonation. The existence of a wind
leads to an elongated area, the exact nature of
which depends upon the velocity and direction
ot the wind, from the ground surface up to the
altitude’ of the top of the stabilized cloud. If
the direction of the wind docs not vary exces-
sively from the surface up to the top of the
cloud, the ground fallout contours may be
characterized by a circular paitern arcund
ground zero, and by an elliptical pattern extend-
ing downwind from ground zero. The circular
pattern is formed by the rapid settling of the
heavier particulate matter in the stem, while
the downwind elliptical pattern is formed by

fallout of amaller and lighter particles frora.

tire cloud.

The existence of complicated wind patterns
(wind shear), as weli a3 variationa of the wind
pattern in time and space, may cause extreme
departures from a simple elliptical pattern. In
addition, thc measured dose-rate contours have
frequently been observed to occur in patterns
best described as 8 acries of islands of relatively
high actlvity surrounded by areas of lower ac-
tivity. The most common pattern of this type
has been one in which the higher dose-rate con-
tours appear around two major areas and one
or more smaller areas, One of the larger areas
is in the immediate viecinity of ground zero
while the other is in the general downwind
direction from ground zero. The locations of
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“the smaller arens of high activity have not

demonstrated patterns which can be described
simply in terms of the wind structure,

The uose rates ohserved within these high
netivity areus have been of ¢rinparablo magni-
tude when extiapolated back to some early time
after detonation, such as H+1 hour, However,
due to the earlier arrival of the contaminant,
the activities actually observed near ground
zero have been higher than in the arcas away
from ground zero. It should be noted that these
islands of relutively high activity generally
cover areus cunsiderably larger than those of
the “hot spots,” caused by local meteorologic:d
conditions discussed elsewhere. A quantitative
treatment of such complicated depogition pat-
terns would be possible only through use of &
complex computational model, together with
time-consuming calculutions. The simplified
method for obtaining depusition patterns, which

is presented below, will not predict these islands

of relatively high activity.

The area covered, and the degree of localiza-

tion of the contamination, depend also upon the
character of the soll ai the burst poine, ¥or
example, a surface detonation over dry soil with
small particle sizes results in a larger than
average aren enclosed by low dose rate con-

tours, and in & smaller than average aurea en-
closed by high dose rate contours. A similar’

detonation gver water-covered, finely divided
soil, such as clay, probably resuits in relatively
high doso contours over larger areas close to
the detonatlon, with a corresponding reduction
in the areas of the lower dose-rate contours
farther out.

In discussions of the areas affected by resid-
ual contamination from fall-out, it is conve-
nient to set up a system of coniamination dose-
rate contours which, although simplified and
idealized, fit actual contours measured in the
field as closely as possible. Fig. 4-88 illusirates
stich a contour syatem. The idealized contour
shown consists 1. 'cessarily of two parts: the
ground zero circle, and an elliptical approxima-
tion to the downwind component of the failout.
The ground zero circle is formed quite soon
after the deionation, largely from heavy par-
ticulate mutter, throw-out, and soil made active
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by neutron-capture reactions. The parameters
which define it are its diameter and the down-
wind displacement of its center frum ground
zere. | '

The idealized dowhwind component, consist-
ing of the fzll-out proper, is elliptical in shape.
The parameters which define it are its major
and minor axes {the downwind and crosswind
extent, respectively). One end of the ellipse is
at ground zero, To define the downwind axis,
the simplifying assumption is made that the
downwind direction and extent are determined
by a single wind of constant velocity, the so-
called scaling wind. To obtain the scaling
wind, it is first necessary to obtain the resultant
wind vector for each of an arbitrary number of

equally spaced altitude zones located between -

the top and bottom of the stabilized cloud.
Each resultant wind vector is the vector aver-
age, of all wind vectors for equally spaced alti-
tude intervals, from the altitude zone in ques-
tion down to the surface. The scaling wind is,
then, the vector average of all the resultant
wind vectors for the various altitude zones
within the cloud.

As a rule, wide discrepancy from the ideal-
ized elliptical pattern resuits if there are large
directional shears in the resuitant winds com-
puted for the altitudes of the stabilized bomb
¢loud. Such shears can give rise to serious dis-
tortion of the idealized elliptical pattern, so that
in practice radical distortions of these idealized
patterns can be expected. However, contour
areas will remain substantially unchanged. In
such a case, the close-in portions of the fall-out
pattern, in general, follow the direction of the

resultant winds from the lower cloud altitudes,
while the more distant downwind portions of
the pattern tend to lie in the direction of the
resultant winds from the upper cloud altitudes.
The idealized contours described herein have a
more general application.

It is important to recognize that H + 1 hour
is used as the reference time in the preparation
of these contours, and that only the contours

from low yield weapons are complete one hour -

after burst time. For very high yield weapons,
fail-out over some parts of the vast areas indi-
cated does not commence until many hours
after the burst. In order to calculate the dose
rates at times other than 1 hour after the deto-
nation, decay factors may be taken from Fig,
4-82, which i3 a representation of the decay
law. The factors are constants, which are mul-
tiplied by the value of the dose rate at 1 hour
to give the rate at any other time, (These
decay factors apply only to fission product con-
tamination, such as predominates on the ground
after a surface burst, and must not be used to
estimate the decay of neutron-induced, ground
contaminatien resulting from an- air burst.)
The '+ law, which approximates the decay of
the mixture of fission products, hoids reason-
ably well for actual contamination over long
periods of time, but not as well over short
periods of time, because of the presence of
weapon contaminants other than fission prod-
ucts,

Families of curves (Figs. 4-89 through 4-94)
are given from which data may be obtained to
draw idealized dose-rate contours, for land-
surface bursts of weapons with yields between
0.1 MT and 100 MT. A 15-knot scaling wind
has been used in the preparztion of the curves.
This rate is near the average of the scaling
wind values most commoniy encountered under
field test conditions; it is probably a good aver-
age vaiue for general application. Fig, 4-94
pruvides height-of-burst adjustment factor
data. ' _ .

Contour areas are substantially constant over
the range of scaling winds likely to be experi-
enced, but the linear contour dimensiors, except
for the diameter of the yround zero circle, must
be scaled. Directions for sealing are given in
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Par. (2), following. Use of a true ellipse as the
idealized contour results in areas larger than
those actually ohserved. The downwind con-
tours observed in field tests, in general, cover
slightly less area than true etlipses, For this
reason, true contour areas should be read di-
rectly from the area curves, rather than ccm-
puted from the contour dimensions obtained.

(2) Instructiona for lising Fig. 4-89
through 4-94. DoseRate Contour
Parameters

fa) Deseription

The basic data presented in these figures is
for weapons for which all of the yield is due
to fission. However, as described below, the
data can also be used to obtain fallout contours
for weapons for which the fission yield is only
a fraction of. the total vield, provided that es-
sentially al! of the contamination produced (90
per cent or more) is due to fission products.

The dose rate values are given for a refer-
ence time of H+1 hour. It must be recognized
that the more distant portions cf the larger
contours do not exist at H+1 hour. because the
fallout which eventually reaches some of these
more distant a=eas is still airborne at that time.
The dose rate contours do exist at later times,
when fallout is complete, but with contour
dose-rate values reduced according to the
~ appropriate decay factor from Fig. 4-82. Vis-
ual interpolation may be employed for dnse-rate
contour values between those for which curves
are given. Extrapolation to higher or to lower
dose-rate contour values than those covered
by the families of curves cannot be done accu-
rately, and should not be attempted.

To obtain dns= rate values for times other
than H+1 heur, decay factors from Fig. 4-82
should be used. To obtain contour values for
scaling winds other than 15 knots, multipiy
downwind distance and downwind displace-
ment of the ground-zero circle by the appropri-
ate factor given in Table 4-15, and divide
crosswind distance by the same factor. Nu-
merica] values of contour areas and ground-
zero circle diameters are essentially wind-
independent. '

4,50

TABLE 4-15 (C).

ADJUSTMENT FACTORS
FOR CONTOUR PARAMETERS FOR
VARIOUS SCALING WINDS (U}

Scaling Wind Adjustment
Vel (knots} Factor
5 0.7
10 0.9
15 1.0
20 1.1
Pt 1.2
50 13
40 14
50 1.5°

For the special (and unusual) case of 2 zero
secaling wind velocity, contours would be circu-
lar and centered at the burst point, with radii
determined from the area curves by the for-
mula;

Contour A 2
ContourRadius=(m) .

n

For a burst in the transition zone, a rough
estimate of the resulting fallout contamination
patterns may be made by muitiplying the dose-
rate contour values, for a contact surface-burst
veapon of the ssme yield, by an adjustment
factor obtained from Fig. 4-94 for the appro-
priate yield and height of burst.

Note that the contribution made by neutron-
induced activity may be significant, compared
to the fallout activity in the area near ground
zero for weapons burst in the upper quarter
of the fallout transition zone. For guidance, a
rough estimate of this contribution may be
obtained by using Figs. 4-84 through 4-86, to-
gether with the discussion in Par. 4-8.5.3, pre-
ceding.

It should be recognized that contour shapes
and sizes are a function of the total yield of
the weapon, whe.eas the dose-rste contour
values are determined by the amount of con-
taminant available; i.e., the fission yield. Thus,
if only a fraction of the total yield of the
weapon is due to fisston, and this fraction is
known, Figs. 4-89 through 4-93 may be used
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to estimate faliout contours resulting from the
detonation of such a weapon, The dgse rate for
the dimension of interest, read from the figures
opposite the total yield, must be muitiplied by
the ratio of fission-yield to total-yield to obtain
the true dose-rate value fur lhal dimension.
Similarly, to obtain contour dimensions for a
particular dose rate, the value of the desired
dose rate must be diviced by the ratio of fission
to total yield, and the dimension of the resuli-
ant dose rate read fmm the figures opposite the
total yield.

(b) Ezample i

Given: A weapon with a total yield of 600
KT, of which 200 KT is due to tission, is det-
onated on a land surface under 10-knot sealing
wind conditions.

Find: Contour parameters for a dose rate of
100 r/hr at a H+1 hour reference time.

Solution: The 100 r/hr contour for a fission-
yield to total-yield ratio of 200,600 is the same

2
ag the contour for 100:-3(;—.2=300 r/hr, for a

weapon for which the total yield is fission yield.
Figs. 4-89 through 4-93 can, therzfore, be
applied together with wind factors from Table
4-15; i.e., the 300 +/hr contour values read
from Figs. 4-89 through 4-93 (for fissicn yield
=total yield=8600 KT) are aiso those for the
100 r/hr contour of the wearon described in the
example. The problem solution is indiczted in
Tabhle 4-15.

(¢) Example 2

Given: Same conditions as in Example 1. .

Find: If the weapon were burst at a height
of 1,950 feet above the surface, what fallout
contour would be represented by the 109 2 ‘hr
surface-burst contour selved for in Example 17

Solution: From Fig. 4-94, the adjustment
factor for a 600-KT burst at a height of 1,950
feet is about 0.04, and the contour solved for

in Example 1 corresponds for this burst con- .

dition to 0.04X190=4 »/hr at H+1 hour.

(d) Reliability
The sensitive wind-dependence of the fallout
distribution mechanism, and the degree to

FISSION YIELD = TOTAL YIELD (rmt)

.

Figure 4-8% (C). Lland-Surfoce Burst Dose-Rate Contour Areas at a Reference Time of
One Hour After Burst, Megaton Yields (U}
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TABLE 4-156 (C).

CONTOUR PARAMETERS FOR DOSE RATE OF 100 R/H (V)

Puramter Same  Jwe i Do v
Area 4-89 190 sqmi 1.0 190 sqmi
Downwind distance 4-90 38 mi 0.9 34 mi
Crosswind distance 4-91 6.7 mi 1/0.9 7.4 mi
Diameter of ground zero circle 4-92 4.5 mi 1.0 4,5 mi
Downwind displacement of
ground zero circle 4-93 0.8 mi 09 0.7 mi

which wind and other meteorological conditions
affect these contour parameters, cannot be
over-emuphasized. The cuntours presented in_
these curves have been idealized in order to
make it possible to present average, representa-
tive values for nlanning purposes. Recognizing
these limitations, fur average fair-weather con-
ditions, the curves can be considered reliable
within =50 per cent.

(3) Water Suciace Burst

Although detailed experimental confiymation
is lacking, it is expected that there will be some
differerce in the character and distribution of
residual radioactive contamination between a
water-surface and a land-surface detonation.
For a surface burst over water deep enough
that particulate matter from the bottom is not
carried aloft in the nuclear cloud and stem, it is
expected that the contaminant is distributed as
a very fine mist. As a result, the Jow.r dose-
rate contours are expected to be larger and the
higher dose-rate contours smaller than for a
corresponding burst over a land surface. There
is also a somewhat greater probability that
local meteorological conditions may cause con-
densation and rain-out of portions of this mist,
resuiting in localized hot spots, the prediction
. of which would be a nearly impossible task.
However, the total activity available for a given
weapon burst under the two conditions is the
same, and there are indications from limited
test experience that the extent of the contami-
nated areas will be about the same as for land-

in Figs. 4-89 throdgh 4-94 for land-surface
hursts may also be used for water-surface
bursts, to cbtain dose rates over adjacent land
masses.

For the case of a burst over water so shallow
that a significant portion of the contaminant is
entrained in mud and particulate matter from
the bottom, and is carried aloft, localization of
the fallout may be expected to be greater than
for the deep woater case, with high dose-rate

contours of increased size close to the burst .

point, and low dose-rate contours of somewhat
smaller size farther out. Quantitative estimates
of contour parameters may be obtained from
the land-surface burst curves (Figs, 4-89
through 4-94), with the reservation that the
values for contours of 300 r/hour or greater,
at H+1 hour, should be thought of as mini-
mum values, while the vaiues for contours of
100 »/hour or less, at H+1 hour, should be
thought of as maximum values.

€. Burst in the Transition Zone

The Jeposition patterns and decay rate of the
contamination from weapons detonated very
close to the su.face will be similar to those for
a weapon of the same yield burst detonated on
the surface. Fowever, a smaller quantity of the
available radiation activity will be deposited
locally, resulting in lower dose-rate values
along contours derived for surface-burst condi-
tions. As the height of burst i increased, the
activity deposited as local fsll-oit decreases,

surface burs.s. The contour parameters given  but the residual contaminaticn dv-: to neutron-
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induced 2-tivity becomes an increasingly move
important part of the totul contamination.
The exact scaling of the fallout doge-rate
contour values with height of burst Is uncer-
tain. Residual contsmination from tests at
heights of burst immediately abave, or below,
100 W/ feet has been smal' enough to permit
npproqch to ground ero within the first 24 to

48 hours ufter detonation, ing
reasunable dosages. In these tests, the maus of
the tower, speciul shielding, and other test
equipment are considered to have contributed
a considerable portion of the fallout actuslly
experienced, and necutron-induced activity in
the soil has furnished an added contribution to
the total contamination.

FISSION YIELD = TOTAL YiELD {mt)

] 0

DOWNWIRD DISTANCE (stonme mi)

Figure 4-%0 (C). lond-Surface Burst Dose-Rate Contour Downwind Distance,
One-Hour Referanra Time, 1 5-Knot Scoling Wind, Megaion Yields (U)
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Thus, ror yields iess than 1060 KT, and for
heights of burst of 100 W'/ feet or greater, it
is cunsidered that fullout contamination will not
be sufficiently extensive to affect military oper-
ations materially, This is not to say that there
will never be a residual radiation problem un-
der such conditicns. The neutron-induced
yamma activity can be very intense in a rela-
tively smail area around ground zova,

Due to the uncertainties in the sealing, it is
unsafe to extrapolate the above conclusions to
weapons hoving yields greater than 100 KT.
In the absence of data, a conservative estimate
may be obtained by using a height of burst of
18) We+ feet as the point above which fallout
ceases to be militarily significant. 1t should be
noted again that the neutron-induced gamma
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activity may be infense for bursts atovve or
below this height.

A rough estimate of the dose-rate contour
values for bursts in the transition zone may be
obtai J by applying an adjustment factor
from Fig. 4-76 to the dose-rate contour values
obtained from Figs. 4-89 through 4-94. For
hursts in the upper quarter of the fallout tran-

ey Ty

sition zone, neutron-induced activity must slso
be cunsidered. For bursts in the lower three
quarte:n of the transition zome, the neutron-
induced gamma activity can generally be neg-
lected when compured Lo the fallout activity.

d. Subsurface Burst

(1) Undergroend Burat

A large amount of residual eontamination is
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deposited in the immediate vicinity of the burst
point after an underground detouation, be-
cause the major portion of the radioactive ma-
terinl falls quickly from the column and cloud
to the surface. A very shnllow underground
burst conforms rather closely to the contamina-
tion mechanisms and patteres vutlined previ-
ously for land-surface bursts. As depth of

burst is increased, however, a greater pesvent-
agre of the totsl available contarainant is de-
posited as local fallout, until for the case of no
surfuce venting, all of the contamination is
contained in the volume of ruptured earth sur-
rounding the point of detonation.

Families of curves exist for different tanges
of weapon yield, depths of burst, reference

Q0=

i

s

FISSION YIELD = TOTAL YIELD (mt)
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Figure 4-93 (C).

land-Surface Burst Cownwind Displacement of Ground-Zero Circle

for 15-Kno! Scaling Wind, One-Hour Referance Time, Megaton Yields (U)

1-156

UNCLASSIFED




TR

& othzy
w R i 1 B
. f{i.i o ,..-'3}1 .
g i i
8 N
2 keS|
Qaol Fid-

HEIGHT OF BURST (%}
Figure =94 (C)  Height-of-Bursi Adjustment Facior for Dose-Rale Contour Yaluas (U)

times, and wind conditions, by means of which
idealized dose-rate contours.can be drawn for
underground weapon bursts. These curves are
similar to thogse presented as representative of
land-surface dose-rate contour parameters
(Figs. 4-89 through 4-84).

As the depth of burst becomes greater, the
contour shapes depart from the idealized pat-
tern, and, particularly in the case of the higher
dose-rate contours, tend to become more nearly
circular, For depths of burst greater than
70 W'/ feet, virtually all of the available con-
tamination comes down in the vicinity of the
burst point. As burst depth is increased, con-
tours can be expected to decrease in size, with
increase in dose-rate values in and near the
crater,

(2) Under water Burst

One teat at mid-depth in 150 fect of water
provided some information on the residual ra-
diation from an underwater detunation. The
rather speciulized burst conditions make appli-
cation of the results to specific cnses of interest
of doubtful validity; however, certain guide-

lines were estabiished, which are applicable
and useful in the general case. It was shown
that on a ship subjected {o fallout radiation,
much of the contaminated fallout material
drained off the ship into the water, and rapidly
became relatively ineffective bocause of the
diluting effect of the water.

For land arcas adjacent to the explosion, and
at the same relative pogition as the ship, resid-
ual radiation dose rates about four times as
greut as on board ship are expected soon after
completion of fallout, because dilution and run-
off do not occur. For adjacent land areas, the
decrense in dose rate with time can be calcu-
lated from Fig. 4-32; however, this cannot be
done for shipa. As in the cuse of other types of
contaminating bursts, the area ol contamina-
tion varies considerably with meteorological
conditions, particularly with wind,

In the case of a nuclear explosion in a com-
paratively shallow harbor, as in the hold of &
ship, more thag half of the svsilable radioactiv-
ity associated with the device is deposited as
local fallout, and large, localized, high dose-rate

SOy, 4157
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contoucs are expected on the adjacent land
masses. Although it does not appear feasible
on the basis of available information to attempt
a detailed delineation of contour shapes for a
harl  burst, magritudes of expected centour
areas can be given with some confidence. Fig.
4-95 indicatas expected harbor burst contour
areas on adjacent land m a.ees tor yields from 1
KT to 1 MT. For yields in the megaton range,
‘contour areas shuuld be e limated from the
surface burst curvea already presented (Fig.
4-89), T. ustimate dose rates on the weather
decks ot anchored ships in a harbor divide the
given iand-mass values by four; and for ships
alongside a whart, divide the land-mass values
by two.

(3) Instructions for Using Fig. 4=95, Harbor
Burst Duse-Rate Conlpur Arema

(a) Deseription

Fig. 4-956 presents dose-rate contour areas
to be expected nver adjacent land masses at
1 hour after burst time, resulting from residual
tadiation from shall:w-harbor bursts of nu-
clear weapons with vields from ! KT to 1 MT
Assumptions for this purpose are a harbor
depth of 30 to 50 foet of water, & mud bottom,
and burst depihh 2 few feet below the water
surfuce, such as in the hold of a ship. The
areag given may be assumed to be independent
of wind, although apecific location of the con-
taminated areas - ith respect to the burst point
is a sensitive functicn of wind and other
meteorological conditions, as with other types
of contami.ating bursts. Area ma nitudes may
be read directly from the ¢wires .- those dose.
rate values for whi~h cu-ves are provided.
Extrapolatinn to higher ur lower Jose-rate 2on-
tour values than covered by the curves cannot
be done accurately, and should not be at.
tempted. To obtain dose-rats values for times
other than H+1 hour, multiplying factors from
Fig. 4-82 should be usad.

(b) Ezomple
Given: A 30-KT harbor burst.

Find: The area of effect for dose rates of
1,000 r/hr, ol greater, at X +1 hour.

Solution: Reading directly from Fkig. 4-95,
the area for a aose rate of 1,000 »/br or more

4-1568
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at ¥ +1 hour, for a 30-KT harbor burst, ia 3.4
(%1.7) square miles,

{c) Reliability

Area magnitudes obtained from these curves
for a cpecific yield are considered reliable with-
in =80 per cent, for Lthe burst conditions indi-
cated.

¢. Ground Zoro Dase Rales

The residunl dose rate curves presented
herein make no provision for contours delineat-
ing dose rates greater than 3,000 roentgens per
hour, except in the case of harbor bursts. Such
dose rates oceur in hot spots, rather than over
significant areas. The maximum, residual-radi-
ation, dose rates observed on the ground in
such hot spots at a reference time of H+1
hour, regardiess of weapon yield, have been
more than 3,000 r/hour and less than 10,000
#/hour for surface burst nuclear weapons, The
burst conditions for most of these shots were
not truly representative of land shots; hence,
there is a large degree of unceriwinty regarding
the maximum dose rates which may be ex-
pected at ground zero under true land-surface
burst conditiuns. Higher dose rates may be ex-
pected only under certain special circum-
stances, such as deep underground bursts and
bursts in shallow harbors, and cre not normally
expected for land-surface bursts.

§. Total Rodiation Dose Feceived

(1) Genersl

To esiimate .he dose astually received at a
point within an area contaminated by fallout,
the time of arrival of fallout at that point is
estimated (using the scaling wind velocity and
the diatance from the burst point}, and the
curve of the dose rate is integrated ag & fune-
tion of time over the period the individual is
within the ares. The sume Lrocedure is used
for the case of a person entering a contami-
nated aren at some time after completion of
falloat. Fig. 4=98 is presented to facilitate ths
computation, and can be used to estimate total
radiation doge received while in & contaminuted
area. If, at the time of the exlosion, the indi-
vidunl is within the radius of effect of the ini-
tial radiation, the acute dose so received must
be added to the cumulative residual radiation

m
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Figure 4=93 (C). Harbor Burst Dase-Rate Contour Areas, Asiuming Shallow Wealer
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dose, thus giving the tots! dose received. If the

individual is sheltered, the free field value so

obtained should be multiplied by a reduction

factor, estimated from the degree of shielding

involved, a3 described in Par. 4-8.5.5, follow-

ing,

(2) Instructions for Using Fig. 4-96, Total

Radiation Dese Received in a
Contsmtinated Arvea

(a} Description

From Fig. 4-96 can be obtained the total
dose received by personnel cntering a given
contaminated area, at a specified time, and re-
maining for a specified interval of time. The
vertical axis gives the accumulated dose for
each unit {(»/hr) of dose rate, at one hour afier
the detonation. The various curves represent
times-of-stay in the contaminated ares. To
ditermine the accumulated dose, a factor cor-
regponding to the time of entry and the time of
stoy is taken from the vertical axis. The prod-
uct of tkis factor and the dose rate at one hour
gives the accumulated dose,

(b) Ezemple

Given: The dose rute in a given ares at one
hour after detonation is 500 r/hr.

Find: The total dote received by 2 man en-
tering the area two hours after detonation and
remaining 4 hours.

Solution: From Fig. 4-96, the intersection
of the line fcr a time of entrr of two hours
after detonation with the 4-hour curve gives a
flactox: of 0.80. Therefore, the accumulated

03¢ 18

500x0.80=400 r,

& Dose Contours

(1) General

Approximate total dose contours, for ac-
cumulated doses received during the 43 hours
immediately following burst time, can be esti-
mated using the appropriste 1-hour, dose-rate
contour cutves in conjunction with a scaling
factor obtsined from Fig. 4-97. The scaling
factor averages the time of arrival effect for
500-roentgen, total-dose contours using & 15-

m 4169
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kuot scaling wind, and gives results sufficiently
accurate for planning purposés over a range of
doses from 100 = to 1,000 r. This method may
be used with somewhat less accuracy for ac-
camutated doses outside this range. It should
be recognized that dose contours and dose-rate
contours do not bave the same shape, although
the shapes are sufficiently alike to make this
approximate method useful.

(2) Instructions for Using Fig. 497,

48-Hour Dose Sealing Factor

() Description

Fig. 4-97 gives scaling factors for weapon
yields from 0.1 KT to 100 MT, by means of
which approximate contours can be obtained
for residusl gamma-radiation deses accumu-
lated during the 40 hours immediately follow-
ing burst time. Given a l-hour dose-rate con-
tour, the dose-rate value is multiplied by the
appropriate scaling Zactor from this curve.
This gives the approximate total-dose valué re-
ceived, over the 48-hour period following the

burst, by personnel in the open within that

contour. If a particular 48-hour dose contour
is to be constructed, the desired 48-hour dose
value should be divided by the scaling factor
cbtained from Fig, 4-97, to obtain a prelimin-
ary dose-rate value.

For a surface burst, this vaiue may be used
with Figs. 489 though 4-93, to obtain the
desired contour dimensions for the 1-hour dose
rate resulting in the desired 48-hour dose value.
For a burst in the transition zone, divide the
preliminary dose-rate value by the appropriate
height-of-burst adjustment factor obtained
from Fig. 4-94 before using Figs. 4-89 through
4-93 to obtain the desired contour parameters
for the necessary 1-hour dose rate.

It the fission yield is less than the total yield,
the values (for caukh burst condition) that
would have been used with Figs. 4-89 through
4-93 are uot used as such, but are further

" divided by the fission-yield to total-yield ratic.

This will give the actual value to be used with
the appropriate figure.

MULTIPLYING FACTOR FOR 1-HOUR DOSe RATE

oivs o8 '

o] | ool
©

TE (AFTER TXPLOKOK; OF TRNTRY iINTO CONTAMIRATED ARGA
Figurs 4-96 (C). Tetal Rodiction Dose Received in Contominoted Ares (U)
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.. (b) Ezample ior 2 400-KT weapun is 2.0. Hence, the dose,
ol . 5. 500
= kn‘::":c".'nn‘: JOOKT surface burst under 18-\, contour at #+1 hour G 25250 /b,
. Find: Approximate contour parameters for  This approximates the 48-hour total-dose con-
. & total dose of 500 roentgens, accumulated up  tour for 500 #, and it is used with Figs. 4-89
4 to 48 hours after burst time, through 4-93. The approximate total-dose con-
A Solution: From Fig, 4-97, the scaling factor  tour parameters for 500 coentgens accumulated
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TARLE 4-17 {C). APPROXIMATE CONTOUR
PAWAMETERS FOR 43-HK TOTAL DOSE OF

st0 R (V)
Source Parameter
Parameter Figure Value
Area 439 160 sq mi
Downwind distance 4-90 384 mi
Crosswind distance 4-91 8 mi
Diameter of ground
zexo clrcle . =92 4 mi

Dowanwind displacement
of ground zara circle 4-93 0.7 mi

-during the 48 hours following the burst are
given in Table 4-17.

fe) Reliability

Recognizing the idealized nature of the basic
contours, total-dose contours obtained in the
man.ier deseribed above are considered reliable
within a factor of two, for doses between 100 »
snd 1,000 r and for scaling winds up to about
15 knots. The method may be applied for other

dose conditions with somewhat less confidence.

in the results, but should not be applied for
scaling wind conditions significantly greater
than 15 knots, '

4-8.5.5. (C) Shielding frem Residual Rediation

(U) In their passsge through matter, alpha
particles pooduce a considerable amount of
{onizaticn, and in doing so rapidly lose their
own energy. An alpha particle is identical with
the nucleus of a helium atom. -After traveling
a certain distance (range) the particle, which
has then lost most of its energy, captures two
electrons and reverts to a harmlesas helium
atom. The range of an alpha particle depends
ujon the initinl energy, but even those particles
of relatively high cnergy have an average
range in air of just over 1-1/2 inches. In
more dense media, such as watar, the range is
about nne-thoysandth of the range in air. Con-
sequently, alpha particles are unable to pene-
trate even the outer layer of the skin, There-
fore, as far as attenuation is concerned, they
do not constitute a radiation probler~.

(U) Beta particles, like alpha particles,
cause direct ionization. The beta particles dissi-
pate their energy muck more slowly, Lkowever,
and correspondingly have a much greater
range. Although beta particles traverse an
average distance of 10 feet in air, due to con-
stant deflections thelr effective runge is con-
giderably less. In more dense media, the range
is atill shorter, approximately one-thousandth
of that in sir. Even clothing provides substan-
tial protection from beta radiation, Conse-
quently, unless the particles are deposited di-
rectly on the skin, beta radiation provides little
radiation hazard.

(U) The residual gamma radiations present
& different situation, These gamma rays, like
those which form part ‘'of the initial nuclear
radiation, can penetrate a considerable distance
through air and into the body. If injury is to
be minimized, definite action must be taken to
provide adequate shielding from residua)
gamma radiations. As a matter (f consequence,
any method used to decresse the gamma radia-
tion will provide almost compiete protection
from alpha snd beta particles.

., () The absorption of residual gamma a-
diation is based upon exactly the same princi-
ples as those discuased in connection with the
initial gamma radiation (Par. 4-8.4.2,, preced-
ing). However, except for the earliest stages
of decay, the residual gamms rays have much
leas kinetic energy than those emitted in the
first minute after the explosion (0.7 Mev for
residual compared to 4.5 Mev initial average
energies). Therefore, as compared with the
initial radiation shielding requirements, s
smaller thickness of a given material will pro-
duce the same degree of attenuation.

(U) The approximate half-value layer thick-
nexses of some common ahielding materials for
residual gamma radiation are presentad in
Table 4-18. As in the case of the initial gamma
radiation, the product of the density and the
half-value thickness is approximately the same
in all cuses. However, since the half-value
thickness s smalley for residual gamma radia-
tion, the product is lowe> also,
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i TABLE 4=18. APPROXIMAYE HALKRVALLS (U} For additional llustration of attenua-
LAYER THICKNISSES OF MATERIALS FOR tion factois, Fig. 4-98 and Table 4-19 are .
' SHIELDING AGAINST GAMMA RAYS FIOM /i The attenuation factors for sieel, |
MSSION PRODUCTS concrete, soil, earth, wood, and lead are pre-
" Half-Value sented in Fig. 488 as a function of varioms
Density Thickness thickneases of these materials. From the prac-

Material (1b/cu ft) (in.) Product  tical standpoint, it is of interest to record the
transmission facturs (attenuation factor -*)

32:! e ':gg g; 3:: offered by various structures and mechanismas.
cre . Approximate values for these are given in
Earth 100 33 330 ' .
W Table 4-19. Thes2 have been estimated partly
- Vater 624 4.8 300 , .
s from calculations and partly on the basis of
Wood 34 8.8 300
| actual field measurements.
J TABLE 417 (C). bOSI TRANSMISSION FACTORS
y {INTERIOR DOSE/EXTERIOR DOSE) (U)
Gamma Rays
Ttem Neutrons
Initial Residual
Foxhole 005 -0.10 002 =010 03
Underground position (3 feet) 004 -0.05 0.0002 0.002-0.01
Built-up city area (in open) 0.7
Frame house 0.9 03 <08 09 =10
I Basement 005 -0.5 0.05 -0.10 01 08
w Multistory building:
, Upper portion 09 0.01 09 -10
7 : Lower portion 03 -06 01 09 -10
1 ! Blockhouse walls: _ . :
; 9 in. thick 0.l 0.05 02 -05
i 12 in. thick 005 009 001 002 02 -04
i 24 n. thick 001 -003 0001 -0.002 01 -02 ,
' Factory, 200 x 200 feet 0.10 ' -020
Shelter, partly sbove grade: .
With earth cover (2 ft) 0.02 -0.04 0.006 -0.02 0.02 -0.08 :
" With earth cover (3 £t) 0.01 -0.02 0.001 -0.008 0.01 -0.05 t'
B Rough terrain , 9.6 !
A Grader, road, motorized, D1% 1.0 050 10
" SPERE e 416
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TABLE 419 (C). (comt}

Gamma Rays
Item Neutrona
Initial Residual '
Tanks M-24, M 41; Tank recov. vehicles ' ?i
M-51, M-74 01 -02 0.06 Q1 nr3 '
Trnks M-26, M-47, M={8, T-43E1;
Eng. armd, vehicle T-39E2 Q.06 0.02 0.65
Tractor, crawler, D8 w/hlade 1.0 0.40 1.0
1/4-ton truck 1.0 0.75 10
3/4-ton truck 1.0 0.65 10
2.1/2-ton truck 1.0 05 <06 1.0
Persoanel carrier, T1SEL ‘ 0.1 -0.26 1.0
Armd. inf, vehicle bi-69, M-75 and SP Twin
40-mm gun M-42 0.2 0.6 0.1 02 -05
SP 105-mm howitzer M-37 0.4 <086 0.1 08 -19
Muitiple cal. .50 mg motor carringe M-16 0.8 10 0.6 09 -10 _
LVT (landing vehicie tracked) 05 -0.9 ' 1.0 ;
Battleships and large carriers: |
16% of crew L0 1.0 08 -19 f
26% of crew ‘ 0.2 0.1 02 -0.8
10% of crew 0.06 0.08 0.06 -0.2
50% of crew 0.0005-0.9056 0.0003-0.008 0.001-0.05 .
Cruisers and carriers: . !
10% of crew _ 10 1.0 08 -10 |
20% of crew 05 03 04 -08 '
30% of crow 01 -08 0.1 0.1 -04
40% of crew 0.005 -0.1 0.003 -0.06 0.01 ~0.1
 Airceraft 10 1.0
Destroyers, transports, and escort carriers: |
10% of crew 16 10 ) 08 -~10
20% of crew 03 05 06 -08
30% of crew 0.4 0.2 03 06
40% of crew 01 04 0.1 . Q.l ~0.3
4-164 W
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Section Il (S)=—Basic Fragmentation and Penetration Data

4-9. (¥} INTRODUCTION

411, Scepe of the SecHien

This section presents the analytical and ex-
perimental techniques for obtaining terminal
ballistic data concerning the physical processes
of fragmentation und the mechanisms of pene-
tration and perforation, Included in the section
are a description of fragment density and muss
distribution, a discussion of the techniques for
analyzing and/or messuring the frugment ini-
tial velocity and velocity decay, a description
of mechanisms of penetration and perforation
by single fragments, and & discussion of the
theoretical and experimental aspects of frag-
ment performatice in the hypervelocity speed
regime.

The literature of this aubjeet is somewhat
inconsistent with respect to the symbola and
units of measarement used by the various au-
thors. No attempt has been made to standard-
ize these items; quoted reference material is
presented in the notation and units‘of the par-
ticular author.

&=4.2. Description of Fragmentetion

Fragmentation is an important pheuomenon
associated with artillery shells, warhesads,
aerial bombs, mortar shells, grenades, etc. The
shell or bomb is basically a high explosive
charge contained within a metal casing. The
forcea released by the detonation of the high
explogive break up the casing into fragments.
It is desirable to be able to predict the mass
distribution, spatial diztribution, and velocity
characteristics of these fragments so that the
effect can be optimized for the intended target.
When no provisions are made to control the
size of the fragments, irreguiar shapes and
verious sizes are cbtained.

The problem of uncontrulled fragmentation
is to predict the mass distribution of the frag-
ments. This is treated in 7ar. 4-10.2, follow-
ing. There are several methods of controlling
the size and shape of {ragmants inio which a
caning will break. The problem, here, ia to
salect the best method of contrel. Controlled
fragmentation is treated in Par. 4-10.3, follow-

4-166

ing. Methods of predicting other fragment
characteristics, such as velocity and direction
of projection, hald for natural or cont:olled
fragmentation, and may be treated independ-
ently, '

4-9.3. Cress-Reference (nformation

The general discussion of the mechanisms of
Tragmentation is presented in Ch. 2, Sec. L
Corparable information on solid projectiles

and shaped charges is given in Ch. 2, Secs. II

and 111, respectively. These sections should be
read for introductory purposes. In Ch, 3 each
of the various sections includes appropriate
information ou the vulnerability of aspecific
types of targets to fragmentation and penetra-
tion. Reference should also be made to Part
Two for information on the collection ana
analysis of fragmentation and penetration data
a3 applied to specific types of targets.

4-10. (C) FRAGMENT MASS AND' SPATIAL
DISTRIBUTION -

4-10.1. (U] Intreduction

This paragraph presents the g neral laws of
natural (uncontrolled) fragmentation and the
usual methods for controlied fragmentation. A
discussion is presented reluting the dynamic
fragment distribution to the static distribution
and the procedure for obtaining desired resuits.
Experimental techniques for the measurement
and reduction of data are given in considerable
detail.

4-10.2. (C) Mass Distribution, Netursl
Fragmentation

J0.21. (C) Generel

{U) Natural fragmentztion of a bomb or
shell casing results when no special design
features are incorporated to control the frag-
ment size, Some predetermination of the frag-
ment mass distribution can, however, be made
by selection of charge-to-metal ratio, casing
material, and thickness of casing. Thin casings
fragment in two dimensions, whereas thick
casings fragment ir both two and three dimen-
sona.
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(U) The damage that will be produced by a
fragment, impacting with a given velocity, de-
pends on the mass and presented area of the
fragment. In order to compare the fragmenta-
tion efficiencies of different projectiles, it is
therefo. 1 necessary to know, for each projee-
tile, the approximate mass and ares distribu-
tion of all the fragments large enough to pro-
duce damage,

(C) Mott and Linfoot (Ref. 56) present a
theory on the mass and mass distribution of
fragments from an exploding warhead, The
theory given is applicable only to casings which
expand plastically before rupture.

{C) At the moment of rupture, the kinetic
energy of the casing ver uuit length, referred
to the axis moving with the casing, is

ke=Leve, 2 (4-104)
2 e

where
a=mass density of the material, in slugs/eu
in,,
g=distance between cracks, in inches,
r=radius of the shell casing at rupture, in
inches,
KE=kinetic enmergy, in ftdb/In. fragment
length,
t,=thickness at rupture, in inches,
and
V=outward velocity at rupture, in ft/sec.
{C) If W is the energy per unit area re-
quired to form a crack, the energy required
per unit length will be Wi, Thus, no frag-
ment will be formed with a width a greater
than that given by equating Wi, to KE, as
deflned by Eq. 4-104, or

2UrWwl?
a= [ ] (4-105)

V2

(C) W is known from the results of impact
tests; it ranges from 70 to 800 foot-pounds
per square inch. The lower value, 70 foot-
pounds per square inch, is normally used, In
later report (Ref. 57), Mott concluded that
ratio of length-to-breadth of fragments is
constant, and is spproximately 8.5/1 for stesl.

E'

(C) For  bomb which is roughly spherical

at the moment of rupture, the mean msss of
a fragment is :

(C) If r, and ¢, refer to the bomb before
expansion, and if r, the radius at the mement
of burst, is equal to «r,, then t,=¢,/st, s0 that
the mean fragment mass is proportionat to

,..6/1 P"" t.W‘"
ch: on

(C) If the charge is kept constant and the
thickness ¢, is varied, V* will be proportional
%o 1/¢, for heavy cazings; thua, the average
mass of fragment is proportional to £, if ¢, is
constant. Theoretically, a scaling law can be
applied from one test to another to predict the
average fragment mass, by varying ¢, and keep-
ing the other parameters the same. Actually,
however, thick-walled shells expand further
than thin ones before breaking up, and a lem
rapid variation with &, is expected.

(C) For the two-dimensional breakup of @

« shell, Mott (Ref. 56) postulates that the mass
distribution of fragments can be stated as:

N(m)=Ce '(%)m (4-108)

where w1=REAdM ( 1+% ) (4-107)

in which N (m) = total number of fragments
of mass greater than r,

p= related to average frag-
ment mass, in grams,

C = comstant,

K = constant dependent on ex-
plosive, for example: K =
030 (TNT): K = 0325
(Amatol 50/50). Units of
K are grams #/inch ',

¢, = casing thicknees, in inch-
o (initial), -

and d; = internal diameter of cas-

' ing, in inchea,
(C) If it in assured that two-dimemsional

In addition,
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hrenkup holds down to the finest fragment,
thon

N(m)=:—le ( ¥ ) (4-108)
=

whire M = ‘otal mass of shell,
and 2u = avithmetic average frag-
melit mass,
(C) Noting hat M2, represents the total
namber of fiagmoent~, X, Eq. 4-108, may be
= pitlen

[
.\'Un.l L\ (") =109

(L) In the case of thick-walled shells, a
thrve-dimensional analysis is requived, due to
the reduced effect < b casing thickness,

(T) (1-110)

p'=pn (4-1.11)

(C) Fius, 4-99 and 4-100 haw exampley of
the ddistribution of Eqa. 414 and -I-IIO As &
futition of mb3 and ',

(CY Anntlav expression for p
Gurner and Samiousskis (Ref.
winled shell s, as

Then,

sy =Na

and

is given by
a1y for thin-

, T AT produced from a steel cusing decreases as the
pre A ] v’uw(f) |
’ - -ty TABME 420 (C). VALUES OF “A" FOR
e VARIOUS EXPLOSIVE LOADINGS (L)
where f - casing thickueus, in inch-
es tinitial), Projectile Loading  A(gm/cuin)vr
d, = internal diameter of cav-
ing, in ‘"CIW‘I“ _ Shelt  TNT 17
aud o - mase uf explosive ChaYR® ool Ednatol, Pentolite 1.3
i Tetrytol, RDX,
Composition B
(') The flct:or 4 Vzrill ha}'e a ditfervnt value Bomb Amatol (50,50 and e.9
fur vach explosive filliny  Values of the factor sidespray 60/40)
A are given i Tabla 420 for several shell and Ednatol. T 0.6
bomb explosive loading.. Additional values of B " mh RD’; » LOTPEX,
factor A, u- determined L+ the Nuval Ordnance  *'0%*PF&Y
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000 "& o1t Frogmantation of 3 in. Shell M4ZA1 ]

= |TNT Louding)

[ ¢ Side Sproy Fragments From 300 Ib

- Damoiition Bamb M321 {Amatol 60/40 1
L. Loading)

Points ot m =0 Nt Considered In
Orewing Lines. Sincs All Fragments
Ware Nat Colfected.

PTIT

B

1
4

NG3. OF FRAGMENTS (N)
-
1

‘°o i . 3 4 ] [} L4

SOUARE ROOT OF m
Figure 4-99 (C). Number af Fragmaents, N, with
Masses Greater than m Grams vs Square Root of m ()

Laboratory (Ref. 60), are listed fur cast and
preseed explosives in Table 4-2

4-10.2.2. (U) Steel Casings
In general, the averuge weight of fragments
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tensile strength of the steel is increased and
the ductility is decreased (Ref. 61). This has

been shown to be true in tests on carbon steels
varving from .05 per cent to 1.06 per cent
carbon. At 1.06 per cent carbon, it is believed
that the different microstructure caused the
test results to vary from the theory, Shapiro,
et, al. (Ref, 60}, lists scaling law cunstants for
the Mott parameters derived from the masa
distribution study of steel casings.

4-10.2.3. (C} Dyctile Casi Iron Cosirgs

From investigations on ductile cast iron cas-
ings (Ref, 62), it was found that the half
weight {the particular fragment weight which
divides the individual fragmeats into two
groups, each containing half the total weight
of fragments) appears to be on the order of
1/4 that of steel casings for ring tyvpe frag-
mentation, and on the order of 1/16 for cylin-
drical type fragmentation. Three grades of
ductile east iron were uvsed in experiments.
These showed little or no difference in frag-
mentation. notwithstanding a substantial dif-
ference in strength and ductility.

4-10.3. {€) Mass Distribution, Controlled
Fragmentation
4-10.3.1. (U) General

The effectiveness of a fragmentation war-
head against any target or targets for which

TABLE 4-21 (C). VALUES OF “A” FOR VARIOUS CAST AND PRESSED EXPLOSIVES (U)

Explosive (cast) A{gm/cu in.) "¢

Explosive (pressed) . igm/cu in.)":

Baratol 2.55
Comp B 2.14
Cyelotol (75/25) 1.01
H-6 1.34
HBX-1 1.30
HBX-2 1.65
Pentolite (50/50) 1.27
PTX-1 114
PTX-2 117
TNT 1.61

BTNEN/Wax (90/10) 0.92
BRNEU/Wax (90/10) 110
Comp A-3 1.13
MOX-2B 279
Pentolite (50/50) 1.27
RDX/Wax (95/5) 1.09
RDX /Wax (85/15) 1.23
Tetryl 141
TNT 2.10
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it is used is largely determined by the size,
number, and velocity of the fragments it pro-
duces. A warhead which wil! produce a pre-
determined number of fragments, of a prede-
termined weight and velocity, will be more
effective against the target for which it is de-
signed than will a naturally fragmented war-
head.

Controlled fragmentation refers to control
of the size, and consequently the weight, of
each fragment. The size and weight of frag-

- ments produced by a controlied fragmentation
warhead are determined by a combination of
design factors within the basic method selected
for producing the fragment. None of the
methods employed in controlling fragments are
completely successful; that is, they do not
achieve 100 per cent fragmentatior control.
Varying degrees of success have been achieved
by the methods described in following para-
graphs.

Considerations in the selection of the basic
design approach include ease of manufacture,
cost, size of warhead, size of fragment, and the
intended use of the warhead.

4-10.3.2. (C) Preformed Fragmests

{(U) Preformed fragments are those which
are molded, machined, or otherwise formed to
the desired size, prior to detonation of the war-
head in which they are used. Preformed frag-
ments achieve nearly i00 per cent fragmenta-
tion cor.trol, because breskage upon expulsion,
adhesion between fragmerts, and adhesion of
fragments to other warhead parts are usually

negligible.

(U) The principal objection to preformed

fragments is the need for additional structure
to support the fragments. The structure adds
weignt which contributes little to the effective-
ness of the warhead. This additional weight
decreases the number of fragments and/or the
amount of explosive which can be placed in
the warhead. However, in appiications where
the acceleration of the exploding device is low,
such as in missile warheads or grenades, the
supporting structure is light and preformed
fragmentation is widely employed. In the ar-
tillery shell, which must withstand large accele-

4-170

ratiews in the gun, preformed fragmentatjon
has never been used.

(U} One type of preformed fragment which
has been investigated is the flechette, an
arrow-shaped fragment (Ref, 63). The ad-
vantages of this type of fragment are its aero-
dynamic charseteristics, which are far superior
to those of cubes, spheres, or irregular frag-
ments, The fin-stabilized fragment has greater
range, higher remaining velocity (if- it does
not tumble), and greater penetrating power
than its “chunky” counterparts at velocities
under 3,000 fps. At velocities greater than
3.000 fps, however, the fin-stabilized fragment
has greater cavitational effect. The difficulty
in explosively launching fin-stabilized frag-
ments from a warhead surface, without causing
excessive damage to the fins of the individual
projectiles, is the major problem encountered

“with this type of fragment.

(C) An additionsl problem is in finding a
siitable method of holding the fragments in
position prior to detonation, without hindering
the launching and flight of the fragment. Ex-
periments have been conducted with small scale
warheads in which the fragments were
launched from both the fin-forward and the fin-
backward positions. A projeciile pack which
was tried in a limited experimental program is
shown in Figure 4-101. The fragments wera
imbedded in a polyester resin matrix and
backed sp with an aluminum plate and a rub-
ber buffer. Composition D explozive was used.
These limited experimental results indicate that
the fragments may be launched most effectively
from 2 poinl forward paosition, and that they
can be launched at velocities of 1,800 fps with-

. out damage.

(C) One widely used type of preformed frag-
ment warhead is loaded with cubica) steel fray-
ments. Tests have bzen conducted on a
warhead of this type (Ref. 64) .2 which the
fragments were bonded to a thin steel shell
which surrounded an annular-shaped explosive
charge. The major problem was to obtain s
method of bonding the fragments to the shell
that provided individual launchiug of the frag-
ments and 100 per cent controlled fragmenta-
tion. The tests indicated that soldering was the
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Figure 4 101 (C), Flechette Prajeciile Pack for Madel Waerkeoad ()

moxt #offective method for eliminating fragment
break-up and for ach’ ring fragment separs-
tion,

(U) The principle disadvantage in produc-
ing #warheau of the preformed fraymen: type
is the high cost acountered in manufacturing
and assembly.

4-10.1.3. (C) Nefcied Riagn

This method of forming fragments consists
of assembling a series of notched (grooved)
rings so that each ring forms a section of the
warhesd casing, perpendicular to the axix of

symmetry. The thickness and width of the
rings provide control of two dimensions of the
fragments, while notches sloug the circumfer-
ence of the ring provide lines of Jaast rezistance,
where breakage in the third piane occurs. Tests
have been conducied on various size warheads
with different weights of fragrments, materials,
and numbers of grooves (Ref. 65). A typical
warheud of this type is show.. in Fig. 4-102
The conclusions reached in these tests were that
satisfactory uniformity of fragment weights
can be secur~d, naing the following principles:

1.The width and thickness of ths ring

ahould be equal

<SSR mreny. 11
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Figura 4=102. Notched Ring Wathead

2. The number of notches per ring for due-
tile steel should be determined by the form-
ula G = 458 V/S, where V = fragmeat
velocity (ft/sec.), and § = tensile strength
of the ateel (psi). ’

8. The length-to-diameter ratio of the war-
head should not be less than 1.25.

4. Medium carbon, low sulphur steel, Rock-
well hardness B96 is desirable.

5. The notches should have sharp bottoms
with a depth of £ to 10 per cent of the
ring thickncss,

6. The ring should have a smooth finish.

7. A thin liner should be used. (Five per
cent of the radius has been found satisfac-
tory for phenolic.)

u b "] ﬁ [ IL.JN"I e ;

When these principies are adhered fo, the
following 13sults may be expected:
1. The average 'weight of the majority ~f
fragments should lie within the range of
80 to 95 per cent of the design weight.

2. The average fragment velocity should be
within 10 per cent of the velucity computed
by Gurney's formula, Eq. 4-120.

The fragn'ents recovered during the tests
reported in Ref. 65 indicated that small slivers,
triangular in cross section, were produced as is
shown in Fig. 4-103.

In general, the fracture is a tensile break
alung a radiz! line. Near the inner surface, the
tensile break changes to two 45-degree shears,
making the sliver. This characteristic is ex-
plained as follows. With increasing values of
acceleralion, the tangential or tensile stress de-
creases rapidly, and may become zero for suf.
ficiently high acceleration. The ahearing stress
dacraases also, but at a much slower rat-. than
tangential stress, For sufficiently high accel-
eration, shearing stress may equal or exceed
the tensile stress. It is concluded that if the

(A} NOTCHED RING
BEFORE FIRING

(B} NOTCHED RING
FRAGMENT PATTERN

F jure 4103 (C). Notched Ring Fragmentation
Characteristics, Croza-Saction Views (U}
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accelerwtion is high, at the inner surface the
ratio of shearing stress to temsile stress will
exceed the ratio of shearing strength to tensile
strength, for the metal, and any failure start-
ing at the inner surface will be one of shear.

It was found {Ref. 66) that the addition of
wood or cork cushions placed between the
charge and cage resulted in elimination of the
slivers. The reason given for this is thut the
cushion reduces the acceleration and velocity
of the case, thereby reducing the shearing stress
without reducing the tens’le stress. However,
the cushion reduces the fragment velocity by

- reducing the amount of charge weight available

for conversion into kinetic energy.

4.10.2.4, (C) Nolched Wire

(1) The notched-wire wrapped warhead is
similar in design and theory to the notched ring
type. The wire is actually a long bar, with two
of its dimensions equal to those desired for the
fragments. The bar is notched at intervals
along its length and wuund in a helix to the
shape of the warhead casing.

(C) Reasonably good fragment control has
beea obtained using notched wire wound on a
eylindrical warhead, in that epproximately 80
per cent of the design mumber of fragments
were produced (Refs. 67 and 68).

4=10.1.5. {C) Notched Selid Casings

(U) Instead of notching in vne direction and
having actual discontinuities in the other direc
tion, such as in the notched ring or wire meth-
od, casingy with a two dimensional network of
notches (grooves) may be used. The notches
may either be machined or integrally cast on
the inside or outside surface of & casing.

(C) Tests conducted cn a machined war-
head (Ref. 69) of this type were very success-
ful, in that approximately B9 per cent of the
design number cf fragments werv produced.
The warhead was made by milling a pattern
of longitudinal and circurnferential grooves on
the inside of a cylindrical tule. The tube was
then swaged into the modified ogive shape of
the warhead section.

(C) Tests were also conducted on three cast-
steel warheads with internal slots desigued to

TABLE 4-22 (C). FRAGMENTATION RESULTS
OF INTERNALLY SLOTTER WARHEADS (U)

Warhegd Waeight of Per Cent of De-
No, Fragments signed Number of
(grams) Fragments Produced

1 6.5 to 9.5 T79.6
2 5.6 to 85 83.9
3 55 to 8BS 795

give controlled fragmentatioz (Ref, 70). Addi-
tional heat treatment after casting was applied
to warheads 1 and 2, but warliead 3 was tested
in the as-cast condition. The design weights of
fragments were 9.37 grams in warhead 1, 9.13
grams in warhead 2, and 8.83 graxis in warhead
3. The results of the tests, considered to be
good, are shown in Table 4-22, The initial
velocity was the same for all three warheads,
A greater number of partial fragments was
produced by the non-treated casing than tor
the heat-treated ones.

4=10.3.4. (C) Fiuted Liners

(U) Instead of using irregularities or weak
areas in the casing of a warhead for controlling
fragmentation, a method of shaping or groov-
ing the charge may be used. The explosive
charge is shaped so that ivregularities of the
detonation will break uvp the casing in the
desired pattern. The charge is shaped by means
of a liner constructed of plastic, cardboard,
balsa wood, or similar material which is in-
serted between the warhead casi.g and the
explosive. When the warhead {s detonated, the
flutes or grooves in the explosive give a shaped
charge effect which tends to cut the metal cas-
ing in the pattern formed by the flutes.

{C) The casing nsed with fluted liver war-
heads may be solid {Ref. 71} or partially pre-
formed by means of rings or wire (Ref. 67).
Tests on warheads using fluted liners indicate
that fragment control can be as successful as
with the notched casing or notchad wire wrap-
ped types. The fragment velocities from lined
warheads are lower, due to the reduced ratio
of explosive to casing weight. Usa of the Ruted
liner introduces voids belween the casing and

s a ] 4118
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explosive, with the result that some loss 6f

weight and space for expiosive occurs. The

fluted liner tochnique is practical for thin cas-
ings where the flute size and explogive weight
loss is small. Test resuits with identical casings
produced 14 per cent lower fragment velocities
w'th the fluted liner than with the notched
wire wound type of warhead.

4-103.7. (C) Maulti-Wall Casiugs

A method for producing a greater number of
fragments from a naturally fragmented war-
head has been devised through the use of a
multi-walled casing (Ref. 72). Tests were con-
ducted on straight walled eylindrical warheads
consisting of one to five presa-fitted cylinders.
The inside and outside diameters were the same
for all warheads. The total shell thickness was
divided equally by the number of walls being
tested. Different charge-to-netal ratios were
used to determine their effect on the perform-
ance.

It was discovered that the number of frag-
ments produced is directly proportional tu the
number of walls. In this respect, Mott's Equa-
tion for matural fragmentation,

(%)
N(m)=C-e

in which N(m) = number of fragmeats of
mass greater than m,

C = a conatant dependent on
the weight of the casing,

. m = masg of the fragment,

#e = & meusure of the mean
fragment mass

and
takes the form

/8
)
N(m)=WCe
for a warhead having W walls,

The spatial distribution of the fragments
from muiti-walled warheads was satisfactory,
in the sense that adjacent frag=nents from each

' cylinder wore separate in space and showed
no evidence of being fused together. However,

(4-113)

4-174

it was shown that the fragments deteriorate

‘into flaky shapes as the number of walls is

increased.
4-104. (C) Spafis! Distribution

4104.1. Genersi

. If detonation started at all pcints simulta-
neously throughout the explosive, cach frag-
ment would be projected normal to the element
of casing from which it originated. The fact
that detonation starts at a finite number of
points, usually one or two, results in & deviation
of the direction of projection of each fragment
from the normal direction. How to determina
the angle of deviation from the normal is the
main topic of this section.

In the case of a fragmentation warhead, it is
usually assumed thul the fragmentation pat-
tarn is symmetrical akbout the missile axis, For
truly symmetric warheads, the available evi-
dence does not contradict this hypothesis of
symmetry of the fragment paitern, although
there is limited experimental evidence on this
point. Efforts lave been concentrated to a
greater degree on the determination of the
variation in asymmeiric warheads, as dis-
cussed jn the next paragraph.

Warheads with ‘asymmetric staggering of
nutches in the caging, casings made in more
thin one part, or asymmetric iocation of the
point where the detonativn is initiated, give
some indications of asymmetry in the fragment
pattern. However, the only example in which
the problem appears serious is that of a very

- asymmetric detonation point, especially if the

warhead is annular in shape (i.e., has a large
hollow space along the axis). In this exampls,
the detonation wave may strike the casing at
substantially different angies on the near and

. far sides and produce correspondingly different
* framentation patterna; moreover, in the zone

where detonation waves traveling around oppo-
site sides of the annulus meet, fragment shat-
ter and niteration of velocities are t» ve ex-
pected.

Returning to the usual example of sxial
symmetry, fragment denaity as a function of
angle of emiasion (measured from the forward
direction of the warhead axis) remains to be
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considered. Of intcrest are iwao different ver-
sions of this pattern, usually termed static and
dynamic. The static pattern is the one pro-
duced if the warhead i3 detonated while mo-
tionless, while the dynamic pattern is the one
obtained il the warhead is in flight.

4-10.4.2. Prediction of Static Fragment
Patters

The basic idea for the prediction of static
pattern fragments is given in Taylor's theory.
Applications have been mad2 by Shapiro (Ref.
18) and by Gibson and Wall. In the Shapiro
method, the shell or warhead is assumed to be
arranged in successive rings (Fig. 4-102),
the part of the shell or warhead casing of
interest being composed of many such rings
stacked one on another, each with its center on
the axis of symmetry. Although this may not
be the actual mode of fabrication of the casing,
the Shapiro method is probably a sufficiently
accurate approximation for initial design pur-
poses.

In order to establish the beam spray angles
for each ring, the following formula by Shapiro
can be used. This equation gives the direction
of fragment throw-off from the warhead cas-
ing. According to Shapive, the detnation

weve smanates as a spherical front from all -

points on the surface of the booster or amxil-
iary detonator, which Is assumer’ to be & point
D, as shown ou Fig. 4=104. The normal to the
warhead casing makes an angle ¢, with the

Figurs 4=104 (C). . Factors Used In Extimation of
Fragment Ream Angle (U)

el

w5EORpT——

TABLE 4-23 (C). DETONATION VELOCITiES
OF SELECTED EXPLOSIVES [U)

Explosive Velocity (m/sec.)
TNT (Cast) 6640
Comp B 7840
H-G 7600
75/25 Octol 8400

axis of symmetry, and the normal of the det-
onation wave zt a point on the casing makes an
angle $, with the axiv. The deflection #-of the
fragment velocity vector from the normal to
the casing is given by Shapiro’s formula

tan O—E%—m(—-i-h"h) (4-114)

where

V.=initial fragment velocity,
and

Vo=detonsation velocity of the explasive,
Allowance may also be made for the dispersion
ubout the predicted divection of throw.

Some represuntative detonation velocities for

severz! common explosives are listed in Table
4-23.

4=104.3. Predictien of Dyscmic Fregmeni
: Patlara

From the static fragment pattern, the frag-
meat density for the dynamic condition is de-

rived. If the warhead is moving through space,

the vector velocities of the fragment (static
condition) and warhead are added to find the
actual direction in which the fragment pro-
ceeds outward.

The dynamic density D(4,) for a given direc-
tion, 4,, iz obtainable from the static Jensity
D(4,) for the corresponding direction, ¢,, by
the equations:

otn 4, =ctn l.+-;— acd, . (4-116)
and !

D D X sin &, V.
(al,= (‘ )t )1"'—"’ 00(0;
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Figure 4~105, Typicol Angular Fragment Distribution
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where
V,=static fragment velocity in direction of
8, in ft/sec.,
and
V.= relative velocity of missile and target in
ft/sec.

Angular distributions of fragments {rom
high explosive shells and bombs are experimen-
tally determined at the Aberdeen Proving
Ground by detonating static projectiles. For
these tests, screens are placed around the pro-
jectile at various distances, and the number
of fragment hits on each unit area of the
screens is determined. A typical distribution
found by this type of test is shown in Fig.
4-105.

Results of statically detonated shells having
various degrees of end confinement and shell
lengths indicate that the spatial distribution
is not affected by the type of end confinement,
but that it is affected by the shell length, for
lengths less than about 1-1/4 calibers (Ref. 74).
This i caused by the escape of detonation prod-
ucts at the ends of the cylinder, thereby releas-
ing and diverting energy that could be used
more uniformly, as is apparent from spatial dis-

tributions of projectiles several calibers in’

length.

4=10.5. {C) Techniques for Measurement and
Reduction of Data (Refs. 47

’ and 75}

(U) The techniques employed in measuring
mass and spatial distributions of fragments
from both uncontrolled and controiled frag-
mentation warheads are.identical. The tech-

4-176

" niques which follow are basxc later mproved
and standardized techniques are available (Ref.

'88). Fragment recovery by a means that pro-

vides known orjentation with respect to the
warhead is the logical and most frequently used
technique in fragment distribution tests and
experiments.

(U) For fragment recovery, it is assumed
that the fragments produced will be equally
distributed around the warhead. Fragmenis
are recnvered in a sector, usually 180°, and are
censidered as being representative of the total
distribution. The warheads are normally sup-
ported with their longitudinal axes horizontal,
in an arena which contains appropriately
placed recovery boxes, velocity panels, velocity-
recovery boxes for velocity mass correlations,
and ricochet stops. Warheads are supported at
a height that will place their axes in the same
horizon:al plane as the centers of their recov-
ery boxes. ln osther worls, the axes ol the war-
heads will be four feet higher than the bases
of the normally eight-foat high boxes. War-
heads must be supported exactly horizontal, as
determincd by the use of spirit levels or. quad-
rants. They may be supported in one of two
ways:

1. When the total weight to be supported is
lags than 356 pounds, the warhead should
be suspended from a cord running from
the tops of opposite recovery boxes, or
from poles placed outside of the arena,

When the total weight is greater than 35
pounds, the warhead should be supported
in a wooden cradle, cut to the contour of
the under side of the warhead, and
mounted upon an upright wooden pole or
poles.

{U) A ricochet stop is used to prevent frag-
ments from ricocheting from the ground into
the recovery boxes. Ricochet stops may be con-
structed in ore of the following ways: a ridge
of dirt, with or without a retaining wall on
one side, having a plateau two-feet wide; steel
plates resting against a ridge of dirt or
mounted on a frame; or parallel wooden walls
enclosing a two-foot thickness nf tamped earth.
Ricochet stops are normally required only
where there is a possibility of fragments strik-

19
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ing the ground at angles of less than 15 de-

grees.

{U) Recovery boxes are used to entrap un-
damaged samples of the warhead fragments,
which are used to determine both spatizl dis-
tribution and the weights of fragments. Recov-
ery boxes are fabricated of wosd and are large
enough to house four-by-eight foot sheets of
half-inch composition wallboard (celotex), or
other suitable recovery medin, to a depth of
three to six feet. The hoxes are placed on end,
with one open side exposing the wallboard to
the vwainced. The depth of 2 box depends upon
the size and velncity of the fragments expected
to strike that box. To determine the spatial dis-
tribution, the recovered fragments must be
oriented with respect to the warhead location.
The areas of the recovery boxes are subdivided
to permit fragmenti recovery in terms of zones,
lunes, squares, or other suitable geometric con-
figurations. A vepresentative fragmentation
test arena is shown in Fig. 4-106.

(U) After detonation of the warhead, the
fragments in the wallboard are Incated with an
electronic metal detector. Each fragment is re-
moved from the wallboard, cleaned of all resi-
due, and weighed to A maximum error of 1 per
cent. As the fragments are recovered, their
location in the recovery box is recorded for de-
termination of spatial distribution. The mass
dist-ibution is then determined by separating
the fragments into weight groups. Results of a
typical mass distribution test are shown graph-
ically in Fig. 4-107. These results indicate the
ability of a warhead to proiuce fragments
which will be ietha] or damaging against the
target for which it is designed.

(U) Spatial distribution is a measure of the
density of fragments in space. The number of
fragments in any area around the warhead can
be determined from the locations of fragments
in the recovery boxes, and a relationship simi-
lar to that shown in Fig. 4-108 can be plotted.

,From this curve, the fragment spray can be
determined by noting the size of sector in which
effective fragments were projected. In the case
illustrated, the fragment spray was approxi-
mately =24 degrees from the equatorial plane.
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Figure 4=107 (C), Histogram of Fragment Mass
Distributian {U)
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{U) Strawboard is cften used by the British
when recovering [ragments. The density of
strawhoard is approximately twice that of the
Celotex used in this country. The density of the
material used sometimes affects the results, be-
cause secondary fragment break-up may occur
in the higher density materials, and a true

“measure of the mass distribution may not be

NO. PER UNIT SOLID ANGLE

ANGLE WITH AXIS OF WARMEAD (degl
Figure 4-108 (C). Spatial Dis:ribution Graph (U}
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obtained. During the fragment recovery oper-
ation, careful observation as to fragraent foca-
tion and size should be empleyed, in order to
deter. any fragment break-up after impact
wilh the recovery material.

{U) Closed sand pits were previously used
to recover fragments; however, due to frag-
ment break-up upon impact with the sand, and
the inability to orient the fragments to the war-
head location, this method is now considered
inadequate and obsolcte.

4-11, (C} FRAGMENT VELOCITY

4-11,1. (U} Introduction

This paragraph discusses the theoretical
aspects and experimental tachniques for obtain-
ing the initiai and downrange (decayed) frag-
ment velocities. The experimental methods
include various explosive shapes, types of ex-
plosives, inert materials included as cushions,
and detailed photoyvaphic instru.nentation.

s=11.2. (C) [nitial Velocity

4-11.21. (C) Theory

a (U) General

The theoretical expression for initial veloci-
ties has been well predicted by kinetic energy
considerations, and most laws and formulas
have been derived from the basic kinetic energy
expreswons as presented here,

b. (C) Cylinders and Spheres

(U) The detonation of a long cylinder of
explosive, encased by a cylindrical shell of
metel, is considered in the following manner
(Ref. 24). If M is the mass of metal and C the
mass of the charge, and if during the expansion
the velocity of the gas increases uniformiy
from zero on the axis to the fragment velocity,
V, at the internal surface of the expanding eyl-

inder of metal, then the local kinetic energy is

(4-117)

4t any instant. If E is the energy per unit mass

(specific energy) of the erplosive that can be

converted into mechanical work, then it fol-
lows thst, at the time when all this energy has

SR,

been converted, the fragment velocity (usuaily
called the initial fragment velocity) is given by

V= VEE—'- —--——-C/M .
1+C/72M

The velocities predicted by Eq, 4-118 were
found by Gurney to be in good agrecment with
the experiment, when the quantity V2E was
given a value of 8,000 fps for TNT.

(4-118)

(C) Picatinny Arsenal (Ref. 76) gives the -

value of 2E as 8,800 fps for Composition B
and C3 explosives.

{U) Gurney’s formula for spherss, obtained
in a similar manner, is

o C/M——
V=viE \} 1-3C/5M

(C) For the initial fragment velocitv Jf a
cored cylinder, where a. is the ratio J; the core
radius to internal eylinder radius, at rupture,
the initiz] fragment velocity (Ref. 77) is

C/M
v 1+C(3+ea,)
(1+a,) 6M

e
For steel, a,::-l-g, where g is the initial ratio of

the core radius to the internal cylinder radius.

(C) Sterne (Ref. 78) gives fragment veloc-
ity of u spherical shell containing an inert core
as

(4-119}

V=v3E (4-120)

__ /R
V= o
VIE J reyorrrrr U
wheve 1430, +62.14-5a
e = —rmoy

Again, a, denotes the radius of the core divided
by the radius of the spherical shell, snd may
be taken as tiie uriginal a divided by 1.6.

¢. (C) Flat Charges

(1) Sterne’s Flat Plate Formula

Considering tle velocity of fragmests from
a flat slab of metal in contact with a flat slab
of high explosive, all in ‘ree sparv, Sterns (Ref.
77) writes the momentum balance as

Ty
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where M=the mass of metal per unit area,

(*=the mass of charge per unit area, -

¥V =t"e velncity of the metal at any in-
stant of expansion,
and U=the gas velocity at the free bound-
=Y. .
Assuming v ‘orm fas veincily variation
trom U to V., the xinetic ener; of 2he gas is

r
T - T=U1). (4-122)

L]

Assunung *hat the internal enorgy of the ax-
plosive, £¢°. is con.erted into kinetis -aergy of
metal and gas, by application of the ¥ erne flat
plate formula:

5CnM ram)
M AM oC

Uy 2F
VIE Y 5
(2} Fiat Sandwwen Charges
In the cas of © o wans of metal wiin mass
ner gnit area of 3 e Mo, separated o a slab
of Righ expingive - aar twich charge  of mass
per unit are.. C, Lo i-.cement velocity is

N c
V=1 2E of
‘ " M «-M,y-‘——gu—zwv’)
(4-124)
where
_M.+Cr2
V=T
For the svmametric case MW, =M.,

M 2s)

V=N ¥ TR
d. (C) Projection from the Ead of High
Explosive
(U) Hauver and Taylor (R=f. 79) present a

method of projectine a thin p:ate, intact, with
minimum deformation. Sterne's equation

— .
V= \( SE o=t (a10s)
1) (- [RN

was found to apply, in which

p=density, in slugs‘cu in,,
t=thickness, in inches, .
E =specific energy of explosive, in ft-Ib/alug,

4-180

e=explbsive, ‘
and
p=nplate,

{C) The Misznay-Schardin effect (project-
ing plates from the end of high explosives), de-
scribed by Pugh (Refs@0), states that the axial
fragment velocity is ~well represented by
Sterne's equation.

{C) Experiments have produced velocities
ur to 5.4 km/sec. for a pellet projected from
a cavity at the end of a eylinder of explosive.

#. (C) Eflect of Type of Explosive on
Velocity

Experimental results from Grabarek (Ref.
rij list the relative fragment velocity of thin
and thick walled warheads. Taking Composi-
tion B us 1.00, the relative fragment velocities
of HBX and Tritonal, for both thin and thick
wall~d warheads, are found to be 0.92 and 0.82,
respectively, Statistical tests applied to the
fata showed that these differences are signifi-
cant.

By ratioing Gurney's Constant, E, the Naval
Ordnance Laboratory gives the following, par-
tial list for severai explosives: Composition
B=1.00; PTX-2=101; HBX-3=0.33; and
Baratol=0.59.

Sheperd and Torry (Ref. 82) measured the
average speed of fragments from the No. 70
Mk II grenade for various explosive fillings,
and list the following velocities: Amatol (80/
2G) =2,000 ft/sec.; Baratol (20/80) =2,705 ft/
sec.; TNT=3,730 ft/sec.; and RDX/TNT (650/

-50) =4,245 ft/sec.

J. (U) Eflect of HE Confinement on
‘ Velocity

The United Ststes Naval Proving Ground
(Refs. 83 and 84) lists the fragment velocities
found from open and closed ends of cylindrieal
warheads. Small length/diameter ratios were
used as shown in the results listed in Table
4-24. .

In another report, cylindrical warheads with
axial cavities were delonated for fragment ve-
locity measurements. Under the conditions of
the test, the removal of an axial core of explo-
sive results in the reduction of fragment veloci-
ties a3 indicated by Tahle 4-25.
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TABLE 4-24. COMPARISON OF FRAGMENT VELOCITIES FROM
OPEN. AND CLOSED-END & CYLINGERS
Measurement 1/d Ratio=1§ 1/d Ratio=1
Location (Open End) (Closed End) (Opet. End) {Closed End)
Fuze End 4,360 ft/sec. 5,090 1t/sec, 4,480 ft /sec. 3,260 ft/sec,
Side Spray 3,420 1't/sec. 4,110 ft/sec. 4,670 ft,ec. 4,960 £t /sec.

Gurney (Hef, 85) considers the hypothetical
case uf a cylinder which expands indefinitely
without cracking. At any moment during this
expansiun, when the radius has reached a value
r. let the velocity of the metal be V. As the
value of » tends to infinity, V tends to a limit-
ing final velocity V.. The value of § MV,? is
less than E. the difference being the kinetic
energy retained by the explosion gases. The
expression for the kinetic energy of the metal

i3
MY _iE [1— (2)"7-"] (4-127)
2 T

where

b
(27—1)[(1 +C/MY¥Y —1}
A= (4-128)

Laeem 1]
(y=1) L{14+C/M) 7 =1
=mass of metal per unit length,
C=mass of explosive per unit length,
and
E=energy per urit iength liberated from ex-
plesive by the passage of the detonation
wave.
The value of 4 is less than unity, unless C/M
is negligibie in comparison to unity, in which
case A is unity. From Eq. 4-127, for 4A=],

While 1.26 for y is usual, Thumas (Ref. 86)
usad 2.75, which is some average value between
y of a gas and y of & fluid.

Finally, for the per cent of the total charge
lost through cracking, Gurney (Ref. B5) gives

‘K( oM )ln (r_,.')uz
HEI=TN 7/ (4-130)

where
K<1/20088,
§=angle between cracks made with elements
of the cylinder,
¢=propellant density,
and
M =mass of metal per unit length.
Using average numerical values, Gumey
shown only small amounts of gas will escape.
& (U) Effect of Warkend Length/Diameier
Ratio on Initial Fragment ¥ civuity
None of the theories used for predicting ini-
tial fragment veloeity (Gurney, Sterne, etc.)
takes into aceount the effects of warhead length

or of the end plates of the warhead on the
development of the detenation wave, nor is

TABLE 4-25. EFFECT OF AXIAL CAVITIES
ON FRAGMENT VELQCITIES

Percentage of Mean
E=1/2MV, and Explosive Charge-Mass  Velocity
v_ 1- (r. )"7'" ]V' Removzd Ratio (ft/sec.)
'17,‘[ T (4-129)
where 0 0.9218 6,070
cineq . 14.1 0.7%13 5,580
m;.-:mtml internal radius of metal cylinder, 18 0.6251 4840
y=ratio of specific heats of propellant gases. 55.6 0.3997 8,700
OB 4181
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there much in‘ormation available on this sub-
ject. It has bzen shown, however. that when
the length of the warhead Is not effectively in-
finite, and particularly when the warhead
length/diameter ratio is less than 2, the veloci-
tiey predicted by the various theories are not
achieved. Correction (y)} to the initial velocity
of side-spray fragments from a cylindrical war-
head, due to varistion in the length/diameter
ratio, is shown in Fig. 4-108 (Ref. 87).

4.11.22. (&) Meassrement Teckniques

a. (U) Generel

The initial velocities of fragments produced
by the explosion of a warhead or shell are de-
terminnd experimentally by several methods.
Each method employs some mesns for record-
ing the time of flight of the fraugment over a
measured distance. The average velocity of the
fragment is then caleulated, using this time
and the known distance. In most cases, the
fragments are recovered and identitied, so that
an analysis of velocity versus mas. may be
made. In addition, the distribution of the frag-
ments is determined for use in the analysia of
the effectiveness of the warhead. The following
parugraphs describe some of the comr on
methods of measuring the velocity of frag-
ments.

b. (U) Flash Phetographic Method

The rapidity and hroad scope of improve-
ments being made in the flash photographis
method of measuring fragment velccity render
it infeasible to describe such a method in a
publication of this type. Ref. 88 describes the
latest method in use at the time of this writing.

& {U) Shadow Image Method (Ref, 90)

Thi- method coensists of recording, with a
rotating drum camera, the shadow images of
the fragments passing in front of three illum-
inated slits. The alits are equally spaced, and
when illuminated they produce three bands on
the moving film. The slits are illuminated for
a time slightly less than that required for one
rotation of the film drum. Fragments passing
between the slit box and camera produce
shadow images on these bands. The velocity of
& fragment, with suitable correction for devia-
tion of its trajectory from horizontal, is in-

4-182

versely proportional to the relative displace-
ment along the film of the three image spots.
The three image spots produced by each of &
number of fragments passing in front of the
camera, at about the same time, are easily
identified because they tie on a atraight line.
The f{ragment velocities measured by this
method are actually average velocities measured
over the dictance between the slits. Since this
distanee is usually small, the calculated velocity
may be considered as being the instantaneous
velocity of the fragment at a distance s, which
is the average distance from the point of ini-
tiation to the aslits. The initial velocity may
then be calculated by using the aerodynamie
drag principle, as described ir Par. 4-11.3.1.

d. (U) Mulliple Break-Wire Screen Method
(Refs. 91 and 92)

This method uses 2 wire sereen, located at &
known distance from the warhead, for meusur-
ing the fragment velocity. The screen includes
a bank of identical resistors in parallel. The
resistors are mounted on a terminal board, with
one end of each resistor tied to a8 common bus,
The other end of each 1esistor is terminated at
another common bus by the individual wires
making up the screen. A typical screen is
shown in Fig. 4-110.

The fragments travel a measured distance to
the screen and break a number of the wires.
The breaking of each wire produces a voltage
change in the screen circuit, After shaping and
amplification, the voltage deflects the eleciron
beam of u cathode ray indicator. A high-speed
streak image camera views the face nf the scupe
and records the action of the intensified zlactron
beam.

Light from the explosion triggers a photo
tube which is used to trigger the scope ta indi-
cate the start of the explosion. Simultaneous
recording on the film of a known time base com-
pletes the data necessary to determine the time
of flight of each fragment to the screen.

A modification of this method utilizes a pr=-
determined, single-frame raster or pattern of
scanning lines displayed on an oacilloscope
screen. The raster ia triggered at the instant of
warhead detonation. Spikes impressed on the
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Figure 4-110. Multiple Break-Wire Screen

raster indicate the arrival time of the frag-
ments at the wire screen, and a developing
camera records the event. A photograph show-
ing raster calibration and a typical firing record
is snown in Fig. 4=111,

Without any sacrifice of accuracy, this modi-
fied method can be used to obtain either sub-
sonic or supecrsonic velocities of fragmeras,
regardless of the time of detonation. Much less
film is used in this method than in the method
employing the high speed camera. In addition,
the record is availabie for reading within a few
minutes after firing.

The velocity obtained by dividing the known.

distance from the warhead to the wire screen,
z, by the time of flight of the fragment as meas-
grad from the film, ¢, is the average velocity of

the fragment over the distance x. The initial
velocity of the fragment may be determined by
applying the aerodynamic drag principle de-
acribed in Par. 4-113.1.

e (C) Flash Radiographic Method

(Ref. 89)

This method utilizes two flash radiographs
for determining the distance traveled by the
fragments during a known time interval, Be-

.Official U. §. Army Photograph
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cause the amount of evplosive used with this
method is limited to approximately one pound,
a scaling problem ran exist, Therefore, tne
flash radivgraph method is more often used for
qQualitative than for quantitative results.

The warhead :3 set up in firing position and
a static picture is taken. A “primacord clock”
consisting of pin electrodes is initiated simul-
taneously with the warhead. When the prima-
cord detonates to the pin electrodes, which have
been placed at & caleulated distance from the
point of initiation for the desired time interval,
the hot gases ionize the gap between them and
trigger the X-ray unit. By this means, another
picture is taken after detonation,

Fragment velocity is then determined by
superimposing the two negatives and measuring
<he expansion in the following three zones: 2
¢in from the top; at the center; and 2 cm from
the bottom. The size of the static picture, s,
subtracted from the total expansion, z, and
divided by twice the magnification factor, a,
gives the actual distance traveled, d, or

The average velocity, V, for each zone is then
caleulated by dividiag the distance d by the
time ¢, or

d
V=T

where ¢ is determined by the length of the
primacord.

Figs, 4-112 and 4-113 are contact prints
from radiographs of & steel cylinder filled with
RDX Composition C-3, before detonation and
25.19 microseconds after detonation, respec-
tively. Other radiographs were taken at 60 and
67 microseconds after initiation. For all three
of the poat-detonation radiographs, the meas-

~urements indicated that, the velocity of the

fragmants was 1,338 metery per second, This
proves that the times and distances involved
in this method of velocity measurement are
such that no velocity decay takes place, There-
fore, the velocities of the fragments, as meas-

ured, may be considered equal to or nearly -

equal to the initial velocity of the fragments,
without the need for applying correction fac-
tors for drag during this short time interval,

4-11.3. {C) Velecity Decay

41131 (V) Thesry

This paragraph presents the theory and ex-
periraental techniques for determining the
decay of fragment valocity from some juitial
velocity, It is assumed that a quadratic law of
resistance applies to the motion of the frag-
ments; an assumption well substantiated by
experiment. '

The ability of a fragment, projectile, or flech-
ette to penetrate s target is dependent upon its
velocily at the instant of impact. This velocity,
referred to as striking velocity, will be less than
the initial fragment velocity because of the de-
crease dye to air draj.

Ir the movement of a body through a Auid
medium such as air, the body encounters a cer-
tain amount of resistunce, tending to retard its
motion (Ref. 93). The major source of resist-
ance lies in the unbalanced pressure distribu-
tion over the surface of the moving body. Rea-
soning that a body of cross-sectional area A,
normai to the direction of flight, and mcving
with veiveity V, will impart its own speed to a

Official U, §. Army Photograph

Figure 4=112 (C). Rudiogroph of Stesl Cylinder
befare Detonation (Ui
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Figure 4=113 (C). Rodiograph of Steel Cplinder
25.19 Microseconds After Detonstion {U)

mass of fluid of mass density », and that the
force necessary to do this is proportional to the
rate of change of momentum, the resistance or
drag, D, offered by the sir is found to be
=é CopA VY, (4-131)
While the mechanism of resistance is much
more complex then indicated, this quadratic law
of resistance applies in a great variety of casas,
provided the aerodynamic drag coefficient, C.,
is properly evaluated. The value of C, depends
prncipally upon the size and shape of a body
and its velocity. In the case of a projectile the
resistance is sometimes written

D=FKopd'V*

where ¢=the projectile diameter,
and Kp=hallistic coefficient of resistance.

Note that

(4-132)

>

1
K.=§C

el

%>
]
L]

and that for projectiles,

4-186
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The value of the drag coefficient is usually
obtained from wind tunnel experiments wherc
the resisting force, R, is measured for a given
air velocity. Then the drag coefficient, C,, is
computed, based on some presented area, A.
Hence, the scaling laws can be applied for
similar shapes and various velocities, provided
the area upon which the drag coefficient was
computed is given. A typical curve from a
bullet of C, versus the Mach number M is
shown in Fig. 4-114,

Note that there is a large change in the drag
coefficient for the region around Mach 1, pass-
ing from subsonic to supersonic velocities.

In general, then, the equation of motion for a
body in fight of relatively fiat trajectory (the
effect of gravity is neglected) is written

av
D= mV-E-
where m is the mass of the body. Applying the
quadratic law of resistance, and integrating

(4-133)

v, z
v = ﬂdz {4-134)
CnV 2m
LA ]

where V, is the down range velocity at distance
z, and V, is the initia] velocity. In most cases,
where the initial and the decayed velocities re-
main above the sonic value, an average value of
Cn is assumed and the integration yields the
downrange velocity as

3 Copd
V,<Ve * = (4-135)

[T }
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Figure 4-114. Groph of C, vs Mach Number
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If one is given the drag coefficient, Cp, of a
fragment and the necessary airiking velocity
(in this case V,} at the downrange posicion,
the necessury initial vejocity can he com"ted
from Eq. 4-135.

The drag coefficic.« for fragments ia usually
determined by measuring the times of flight of
a projected fragment over known distances z,
and », (Ref. 84). Eq, 4-133 is left in a finite
difference form and C, is defined by the equa-
tion

D=C A,V

Substituting in Eq. 4-133 gives:
- a¥V - pA
C.,V -

-aV

ax
Cop= e (4-136)
T TLVA

and

Referring to Fig. 4-115, the term AV is the
difference in the average velocity over a raeaa-
ured distance, where the times ¢, and ¢, are
obtained from three velocity acreena.

v, af—‘
From Fig, 4115, "' 7§,
z
V.“-E;.-
and

V.'-V;‘AV:':—.--'E\.

L ] [}

V, and V; are taken as the velocities at the mid
pointe of the distances x, and z,, so that

1
53:"2-"1""%)

and -
_1 YLD
T’-—-é—(V,-l-Vs) _-é—( . + -E) .

Having accurately messured the distances =,
and z,, and the times ¢, and ¢,, the drag coefll-
cient C, is cbtained from Eq. 4-136. As pre-
viously stated, the drag coefficient must be
based upon some given fragment presented
ares. A mean presented area is determined as
discussea in the Par, 4-11.3.2, following. Re-

APRENVT

BRI

sults of tests conducted on various fragments
are shown ia Fig. 4-116. It can be seen from
the cwrves how C, varies with respect to frag-
ment shape and velocity.
4=11.3.2. {(€) Messuremest Techuiques

& (L) General

The variables which must be determined for
each different fragment are the drag coefficient,
C,, and the prosented ares, A. The equation by
which €, is obtained was derived in Par. 4-
11.8.1, preceding, and is repeated here:

-aY

ax (4-136)

C"=_;VA_ T

In order to determine AV and V, of the
equation, the vesocities of & fragment must be
measured at several points along its trajectory.

- These velocities may be measured by either the

wire screen (Par. 4-11.2.2.d.), shadow image
{Par. 4~11.2.2.¢.), or flash photograph (Par. 4-
11.2.2.b.) methods, or by other suitable
methods. The fragments for these tests may be
projected either singly from a gun, or in groups
from a wirhcad. In the former method, the
fragment is placed in a cup-shaped contziner,
called a sabot, which lags behind the fragment
after it cmerges from the gun.

b. (C) Wirr Scresn Method

When the fragment is to be fired singly {from
a smcoth-bore gun, the wire screen messurs-
ment method is normally employed. For these
reasurements, three wire screens arve deployed
as shown schematically in Fig. 4-117. As the
fragment in its flight breaks a wire ir each
screen, a sharp voltage pulse is produced which
starts or stops an electronic chronogreph. One

p—av—e]

vy 2
i— " .t—j —p Directiones
'-——-t,——-L—:,—I -

Figure 4=115. 4V Relotionship
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set of chronographs is started by the pulse from
the first screen and stopped by the pulse from
the second screen. This measures the time ¢,
over the distance z,, from the first to the sec.
ond screen. Another set of chronographs simi-
larly measures the time £, over the distance z,,
from the second to thz third screen. The aver-

. . z
age velocity over z, is V1=T‘ and the aver-
1

age velocity over z, is V,=;’1. It is assumed

that these are the velocities at the mid-points
between the screens.

c. (U) Shadow Image Method

The velocities of fragments projected from
a shell or warhead may be measured by either
the shadow image or flash photograph methods
(Ref. 97). The shadow image apparatus meas-
ures the velocities of the same fragments at
three locations which are of known distances
x, and z, apart. Only ¢ small portion of the
total number of fragments produced is al-
lowed to pass in front of the slit boxes for
velocity measurements. Normally, controlled

4-188

fragmentation warheads are used in these
tests, so that representative velocities of the
fragments which are lethal are obtained. Only
major, or design size, fragments are con-
sidered, because the velocities of the small frag-
ments and slivers may be greater for short dis-
tances and smaller for large distances, thereby
affecting the value of Cy. -

d. (U) Flash Photographic Method

The flash photograph method of velocity
measurement (Ref. 95), employs flash targets
located at various distances from the initiation
point. Since the velocities of the fragments
would be considerably reduced in passing
through the target used in this method, it is
necessary to measure a ditferent set of frag-
ments for each target. A schematic picture of
a typical test setup, with targets for measuring
five velocities at different distances, is shown in
Fig. 4-118. To eliminate the velocities of the
smal! fragments and slivers, recovery screens
are placed behind the targets and all of the
fragments are recovered. Only those velocities
which are definitely correlated with major
fragments are retained.

m
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e. (U) Determination of Fragment
Presented Area

Determination of the presented area of a
fragment is difficult, since orientations of the
fragment vary during time of flight, The as-
sumption is made that fragments are tumbling
when projected from a warhead, and that the
uniform orientation theory is applicable. Based
on this theory, the mean presented area of a
fragment is used. The mean presented area of
a regularly shaped fragment is taken to be one-
quarter of the fragment's total surface area.
An Electro-Optic-Icosahedron Gage (Ref. 76)
is used to measure the mean presented area of
irregular fragments, A schematic ¢iagram of
the gage appears’in Fig. 4-115, In general, the
oscillator delivers a modulator signal througl.
the driver unit to the light source, After colli-
mation, the modulated light is directed on the
gimbal svstem, on which is movnted the frag-
ment whese area is to be deterniined. After the
light beam passes through the condencer lens,
it is focused on the photo tube. Minute, elec-
{rical signals originate here that are propor-
tional to the total light flux permitted to pass

the gimbal system. These signals arz ampliSed,
rectified, and then metered, The meter reading
is used to determine the presented area.

To determine the mean presented area of a
fragment, the presented area is measured with
the fragment in 16 different orientations. The
16 orientations correspond to the normal, the
ten essentially different mid-points of the faces,
and the five essentially different vertices of an
icosahedron. The remotely controlled mechan-
ical gimbal system automatically orients, to the
rlesired angles, the fragments whose areas are
to he measured, and communicates these posi-
tions to the operator through indicating lights.

Fig. 4-120 illustrates the gimbal system with a S

mounied fragment. The gimbal system is ca-
pable of orientation about the following two
axes:

1. The horizontal axis coinciding with the
ring gear dizmeter, motion about which
is defined as “tilt.”

2. An axis perpendicular to the horizontal
axis at the ring gear center, about which.
the gear may rotate in its own plane of

———

Spark Spark Spork
Unit Unit Unit
T ¥ f
fo— ax ]
Wire Wire Wire
Grid Grid gl:
Gun  on No. 1 No.2 .
Line X X2
of
Fire
RC RC RC
Shaper Shoper Shaper
. La{ Chronograph . Chronograph g
o 3 o g
a wlx @
o Chronograph Chromograph L
..,l _Chronograph } Chronograph I‘J

Figure 4117 {C). Wire S:rnn Method Setup for Velocity Decay Measursmants,
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412, {S) MECHANISMS OF PENETRATION
tion.” AND PERFORATION BY SINGLE

The 18 different orientations which are em- FRAGMENTs AND PROJECTILES

ployed are shown in Table 4-26. The mean

value of the aveas measured, with the fragment 4-12.1. (W) Intraduction

oriented in the poistions shown, is used as the This paragraph presents the theory of pene-

mesn presented ares. of the fragment for deter-  tration and perforation, as generally used for
projectiles againat various targets. Certain ex-

motion. This motion iz defined as “rota-

minjag the drag cofficlent.
4-190 OOy
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amplu of experimrntal data are aliw included
to illuatrate the application of the theory.

i CLp\uuu | di————

TABLE 4-2i. ORIENTATION ANGLES USED
WITH GIMEAL SYSTEM

4-12.2. {S) Theory Tilt Rotation
41221, {5) General
(U) The theory of penetration is usually 0° . ol
some form of the Poncelet Resistance Law; it is 870 29 0°
based on projectile motion through a target 37 28’ T2°
being similar to a projectile’s motion through 87° 28 1440
air or water, 87° 23 216°
(8) To determine the relation between the 37° 28¢ 288°
penetratiun power anc perforation power of 63° 26’ 360
projectiles, and the physical properties of tar- o par o
gets, the target resistance R to the projectile is 63° 26 108
assumed as 43° 26 180°
63° 26’ 252¢ \
= (B +12yp(V=V,)*
R=({B+12yp(V=V)"]4 (4-137) as° 26’ 4240
where R=resisting farce, in 1b, ngo 11’ 0°
V=instantaneous projectile velocity, in 7ge 11’ 790
in./sec, - 790 11" 44°
"“w d&nlityn in lb"“'/ ill.‘. 9% 11* 216°
Bemaximum stress that can be main- 790 11’ 238>
tained in the material of the target
Photo Conderser Lerw Gimbal mum Collimating Lens
Plck-up -
:‘ 1
- L
L o Sorce
L
/.l -I ‘ -\
WO variable
"';.'3:"&"‘ Wires l:r-'-
Gimbal Comtrol
and Pas. Lights Oriver Unk
! = f

Figwe 4-119. Eiaciro-Opfic-icosahedron Gage, Schematic Diogrem




Figure 4=120. Gimbal System with Mounted Frcgment

without rupture occurring, in Ib/
sq in.,

Vs=particle velocity in the rupture
front, in in./sec., ‘

A =the projeclion of the area of con-
tact between the projectile and the
target, on a plane perpendicular to
the line of flight, in square inches,

and y=target resistance coefficient (analo-

gous to a drag coeflicient).

4-192

(S) The velocity, V., depends on the form of
the stress-atrain curve of the material of the
target, and it is analogous to the rupture veloc-
ity in a semi-infinite wire where it is snaiched
at one end. This velacity is generally small; it
is neglected, here, to give

R={(B+12ypV))A (4-138)

which is the Poncelet Resistance Law. The
Poncelet Resistance Law attempts to account
for the two most important components of re-
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sistance: the strength of the target material;
and the inertia of the target material, Values
vbtained for B from experimental dats are rea-
sonable, in that B is large for strong materials,
such as rolied homogeneous armaor, and 1s small
for weak materials, such as gelatin and sand.
In the latter case, the inertia term is predomi-
nant. However, the resistance to penetration is
much more complicated than the Poncelet Re-
sistance Law implies. Thus, the value of B will
change with the shape of projectile and the tar-
get thickness. Nevertheless, the Poncelet Re-
sistance Law is useful for analytical purposes,
because it can be made to fit experimental data
over a limited range. It should not be extra-
polated, however.

(S) When a target material has considerable
strength, such as steel, the inertia ter.1 usustly
is neglected. The Poncelet equation then im-
plies that the target resistance is BA, a constunt
times the presented area. Bethe, in a detailed
treatment of the resistance during penetration,
found the resistunce to radial motion of the tar-
get materigl to be of this form for very thin or
very thick plates. In practice, longitudinal re-
sistance {s not negligible, so that R=EBA does
not hold. For instance, If R=B4

L~V

where ¢ is the thickness that can just be per-
forated at the striking velocity V, but it is
found that
tae U
with # ususlly lying between 1 and 2. Hence,
for strong target msterials, a more general ap-
proach based on dimensionzl analysis is used.
Putting
t=f(M, AV, C.0)

where M is the mass of projectile, 4 is the oblig-
uity, and C is & atrength parameter; then
4
— e, @
¥ = cr( = ) (4-139)
should hold for homologous projectiles, An
equation similar to the last equation is used
by the Navy. This involves an F coefficient de-
fined by
WvaV eos § /t
e 7 -, (4140
tvig F!\ d’ 6) (4-140)

673522 O-63-20
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When Eq. 4-139 is tested experimentally, it is
found to account for scaling reasonably well,
althoug!. large projectiles are found to per-
Iorate. at velocities somewhat lower than is
predicted from small prujectile data.

(3) Examples of penetration formulas are
given below, It will be noted that most for-
mulus rre variations of the Pouncelet equation,
or of th> equation obtained {rom dimensional
analysis. Must of the laws imply that the thick-
ness ,.crforated is proportional to -f;:—. a predic-
tion in good agreeinent, except for large
changes, with experimental data. For normul
attack by irregular fragments, if pa is the den-
sitv of the material of the fragment, p is the
density of the target, and if the dimeusionless
quantity, k (shape factor), is defined by

(volum )?
presented area’

then the mecan depth of penetration of frag-
ments of mass m is

P-" mi/2

k=average —

Lﬂg (1+—Vo’)
(4-141)
4-122.2, ($) Armor Plate (Striking Veloclty<

10,000 FPS!

The perforation of armor plate of thickness
T, at an angle of obliquity ¢, by an ogival-
headed bomb is given by Walters’ und Rosen-
head’'s expression (Ref. 44}.

z=K

p
-V | =——
Log ( 144 ) ——tec i
(4-142)
in which d is the bomb dinmeter and the other

terms are a3 previously defined. The value of -E

P
has been experimentally deduced us 2.01X10¢
(ft/sec.)?, The corresponding value of B is 95
tons per square inch, but the ultimate tensile
strength at low rates of strain varies between
65 and 20 tons per square inch. Typical test
results for attack of homogeneous plates by 8-
pounder shot are shown in Table 4-27.

4-133
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TABLE 4-27 (S). PENETRATION DATA, HOMOGENEOUS PLATES V5
SI-POUNDER SHOT (U)

d m V. § r B/p
) (1b) (ft/sec.) {deg) {mm) (ft/sec.)®
2.25 6.25 1,783 80 60 1.91X10°
2.25 8.25 2,090 30 70 204 «
2.25 6.28 2,260 30 70 237 “
2,25 6.28 2,640 30 80 261 “ °
226 631 1,820 30 60 225 ¢
226 1.25 1,665 30 60 209 “

A

4=12.2.3. (S} Mid Steel

Rosd Research Laboratory (Ref, 98,
the following partial list (Table 4~28) for the
penetration of mild steel plates by spherical
balls. V, is the velocity necessary for perfora-
tion, T the plate thickness, and D the diameter
of the spherical projectile, From this listi '3
deduced that B=44 tons per square inch,

From dimensiona! analysis, for fragments of
similar shape the relation for steel fragments
attacking mild steel is of the form given by Eq.

4139, .
*:r-::f ( j_A. o) )

The unknown function f (-\%i-' 9) ia obtained

approximately from experimental duta (Ref.
101):
For normal obliquity
My qw
t= V3|_2 CA,,,] (4-143)
where C=0.51X10* pounds per squdre inch in
the British Gravitational System,
Experimental data presented by Dunne show
good agreement with the above acaling for both
irregular fragments and rectangular paraliel-
epipeds.
Figs. 4-121, 4122 and 4-123 plot t/VA

]
versus }% for angles of cbliquity of 0 de-

" grees, 80 degrees, and 80 degrees, respectively,

The graphs give reasonable values when com-

TABLE 4-28 (S). PENETRATION DATA, MILD STEEL FLATES VS
SPHERICAL BALLS (U]

T D Vs B/ 14
(in.) {in.) (ft/nec)? (ft/sec.)* (cale. ft/sec.)
040 0.26 800 0.80X10* T80
.0d0 0.1256 1,150 082 « 1,220
070 0.126 2,200 .11 4 2,160
070 0.0938 2,650 084~ - 2,850
099 0.126 3.200 106 3.060
099 0.0338 4,260 g0 ¢ 4,500

414 —_ S,
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paring fixed parametera of projectile shape and
¢bliguity, and projectile and target materials,

As a result of experimental firings of general
purpose bomb fragments against mild steel, the
following empirical formula has been cbtained
for thickness, ¢, perforated at normal impact
{Ref. 102).

¢=0.112 M~ (-Y—)-m (4-144)
1000

Here ¢ is in inches, M is the weight of the frag-
ment i ounces, and V the striking velocily in
ft/sec. The ballistic limit on which this formula
is based ranges from 1,690 ft/sec. to 3,775
ft/sec., and the weights of the frapments vary
from 0.197 ounces to 0.130 ounces. Note that
the numbers 0.012 and 1,000 must be dimen-
sioned constants for this equation to be corract.

Welch (Ref. 102) reproduced the following
list (Table 4-29) of the required critical values
of & parameter for penetration versus angle of
obliquity. The values listed are for the expres-

TASLE 4-29 (S). CRITICAL VALUES OF
PENETRATION PARAMETER VS ANGLE OF

OBLIQUITY (W)
oAnge of mv,
IV ity ¢
quity 1,000 ¢
0 73
20 63
40 67
60 83
10 175
80 25
mvY,
1,000 ¢

where ms={ragment weight in cunces,
t=plate thickness in inches,
V,=velocity for perforation in ft/sec.
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Figure 4=122 (S). Graph of 1/2MV/CA™ va tf \,’i,. for 30 Degrees (Uj

4=12.24. (G} Aluminum Alloys

Taylor (Ref. 103) found experimentally that
penetration of duralumin plates by steel spheres
at veloeities of up to 4,000 ft/sec. can be de-
scribed by a Poncelet equation:

p 24

(4-145)

a=a dimensionless constant corre-
sponding to a drag coefficient,

=a constant that relates t~ the re-

sistance of the target malerial, in
lb/sq. in.

p=target mass density,

A=area of hole,

V=velocity ecorresponding to 507
probability of perforation,

z=depth of penetration,

and m=mass of pellet,

where

4~198

For best general resuits, Taylor uses V*+*" in-
stend of V*, =040, and p=349%10* Ih/
sq. in. There is evidence that & different value
of 8 should be used for velocities below 1,000
ft/sec.

4=122.5. (U) Titanium Alioys

The considerable experimeantal data obtained
for penetration of titauium alloys is too detailed
to be pregented here. Perhaps the most exten-
sive data is presented in reports by Midwest
Research Institute (Ref, 100), describing the
depth of penetration, ballistic limits, and the
various parameters used for comparison,

4-12.2.4, (C) Soft Targeh

Repeated exjeriments (Ref, 104) with steel
spheres of various sizes showed consistently
that a critical striking velocity of V.=5,260
cm/sec. is required to break the skin of goats,
which is considered to be compatible with
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human ssue. The experimental data were all
consistent with

V.= (V,— V)12 ued (4-148)

where V, is the remaining velocity after emer-
gence, V, the striking velocity greater than V.,
4 the skin thickness in centimeters, and d the
sphere diameter in inches. Sterne (Ref, 105)
rewrites the equation, to account for an (4/m)
factor, as

Ve (V=Voe (L) (4-147)

whera 4 is the missile crogs-sectional area, and
ui is the mass of the missile.

For fragments striking the skin, and for
average gkin thickness of 4=0.176 cm

-

V-V, gindu= (4-149)

For penetration, P, through bone, with steel
spheres of radius r

P=231X10* 1V,  |(4-150)
with P in millimeters, r in inches, V, in ft/sec.

For complete penetration of nop-apherical
fragments through bone
VoV (l+ 8.06x10* PAW)W
ulz? (4-151)
in cgs. units.

For penetration inte gelstin tissue models,
the dynamics of a sphere above the critical
velocity are described by the following equation
(Ref. 52). The constants of this equation have

V,=5200+V,¢tox32im | (4.148)  the values listed in Table 4-30,
For pemetiation through soft tissues with _dav N
steel balls 5V EBV Ay -182)
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where Vm=velocity in m/sec.,
and t=time in seconds.

When the velocliy of the sphere is below the
critical velocity
eV _aV +BV.+y,,
dt V. )
where V.= critical velocity.
The general equations of penetration into
gelatin are

(4-163)

- w3t gy
- (%) E—=¢.V'+B.V+n

(above critical velocity)  (4-154)
and
- ( m )I'u' dav SG]V:"‘B.V:"‘Y]
ry dt V.
{below critical velocity)  (4-135)
where
a,=20.207,
B,=1,525,
7|=333t000|
A=cross-sectional area of sphere, in square
meters,
and

M =weight of aphere, in kilograms.

By the proper integration of the above equa-
tions, tha velocity, time, and distance of pene-
tration at any point in the gelatin target can
be calculated, if the striking velocity and the
size and weight of the sphere are known.

4=12.3. (C) Residusl Velecily Doto

4=121.\. Geaerel

1t is necessary when considering penetration
by fragments to remember that there is no one

P v e
'

" velocity limit above which perforation (for a

given set of parameters) will occur, and below
which perforation will not occur, There is
rather, a rauge of velocities over which per-
foration may or may not occur; the prubability
o? perforation being close to 2ero at the lower
end of the ranze and closer to 1 at the higher
end. Furthermore, the velocity differential at
which perforation may occur is wider in the,
say, 9,000 fps regime, than it is in the 1,000
fps regime. This means that the “ballistic
limit” (see Ch. 6, Par. 6-13.2.) is less meaning-
ful at higher velocities. The upper and lower
ends of the range are of more interest than the
ballistic limit. Aiso, perforation alone is not the
sole eriterion for defeat of the target material.
The target ruaterial, itself, is usually an inter-
mediate target (the armor of a tank, the hood
of & truck) which protects the primary target
(tank crew and combustibles, an engine block).
What is of interest is whether or not the per-
forating fragment has encugh residusl velocity
and residual mass to damage the primary tar-
get, and if ac, how badly.

These questions would not be important if it
were possible to estimate the residual weight
and velocity of fragments, after impact, under
8 variety of conditions (Ref, 115). The residual
velocity estimate could then be associated with
an estimate of residual fragment weight, so
that s better decision could be rendered with
respact to the primary target. The criterion
fo.' success is no longer, therefore, whether or
not perforation occurs, but is based on behind-
the-plate damage.

4-12.3.2. The Residusl Velecily Concept
It has been recommended that the ballistic
limit be replaced by two other values of strik-

TABLE 4-30 (C). VALUES OF CONSTANTS FOR £Q. 4152 (V)

Critieal A
Sphere Velocity e B y
8/16 in. 30 m/sec. 5.86 925 97,000
1/4 in. 20 m/sec. 442 544 15,070
3/8 in, 15 m/sec. 8.00 250 50,000
7/16 in. 10 m/sec. .90 120 46,000
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ing velocity (Ref. 115). The first, called the
protection velocity, V,, is used to identify the
highesi striking velocity below tile ballistic limit
at which the fragment never perforates the
plate. The second, called the guarante= velocity,
V,, will identify the lowest atriking velocity for
which the fragment is asrured of success in per-
forating the armor,

Exyperimental residual velocity data have
been collected ‘with respect to taild steel, Dural,
builet-resistant glass, and Plexiglas (Ref. 115).
From these data, an empirical relationship for
predicting fragment residaal velocities for each
material has been derived:

V.=V,—K(ed)* mF(secd)r V2
{4-156)

where

V,=the fragment residual velocity, in fps,

V,=the fragment striking velocity, in fps3,

e=the plate thickness, in inches,

A=the average impact area of the fragment,
in square inches,

m=the weight of the fragment, in grains,

§=the angle of ohliquity hetween the trajec-
tory of the fragment and the normal to the
plate, and X, a, 8, v, and A are constants that
are delermined separately for each material.

The basic formula is converted into the as-
sociated logarithmic form:

log{V.~V,) =log K+alog{cd) +Blogm

+vylogsecO+alogV..
{4~16T)

With this linear form, the mothod of least
squares is employed to determine a satisfactory
set of values for K, o, 5, v, and A for each ma-
terial. This concept is developed in much more
detail in Ref. 115, and cannot be fully treated
here.

A typical set of resuits of these studies is
illustrated in Fig. 4-124, whepe the rago of
residusi velocity o striking velocity, -‘7_-5. is

ploited againat striking velocity for eight dif-
ferent thicknesses of mild steel. It can be seen
that 3 30-grain fragment impacting & mild steal
plate 0.06” thick, at a striking veloacity of 2,000

fps, will have & residual velucity between 1,500
and 2,000 fps. By interpolation, g residual ve-
locity of approximately 1,220 fps is indicated.
The same fragment impacting a plate 0.10"
thick (other parsmeters unchanged), will have
a residual velocity of only 500 fps.

The results of the above ballistics studies
emphasized the need oi & companion effort to
analyze data on the residual weight of steel
fragments, after impact under a variety of
conditions. A documentation of this effort is
found in Ref. 116, a summary of which is found
in the following paragraph.

4-12.33, Loss In Frogment Welght During
Parferation

With low striking velocities, the loas in

weight of a fragment during perforation is -

smgll, and is usually ignored (Ref. 116). With
the advent of high striking velocities, the
break-up of the fragment is inevitable and
spectacular, and can no longer be disregarded.
The residual weight of the fragment, ag vell as
the residual velocity, must be known to the
vuinerability analyst. Only then can a reason-
able estimate be made of the continuing poten-
tiality of the fragment to create damage.

In most cases, the weight of the largest piece
of {ragment approximates the total weight of
fragment recovered. The ability of the frag-
ment to damage a pritusry target beyond an
initial barrier can be conservstively approxi-
mated, by considering the residual velocity of
only the largest piece of fragment which suc-
cessfully perforates the harrier.

An empirical approach, similar to that which
has been used and described for obtsining an
equation relating loss in velocity to impact
parameters (Eq. 4-157) has been attempted
for estimating loss in fregment weight, The
form of the equation fitted to the data is:

my=m,=10¢(eA)t mi{sec 8)7 vvho
(4-168)
where
m,=the initial fragment weight, in grains,
m,=the residua; weight, in grains, of the
largest piece of fragment which passes
through the target, and ¢, o, 8, v, and A

£-199

e e =




»

i

s it e ot

L : . ‘
Matorial = Mild Stest Q?F’r@:'
S <5 nt Gl o=
Frogment Type = APG Pre-Formed Nk Uia
Fragment Size = 30 Grains i\
@ = Plate Thickness .
§:] ,
<| € < £ ’ P> > v v DR
[ *_.\T_ 2 \-;\i%ﬁ% =R
8l % ) N % . ,\{\&"" =
;‘;' \ d’\& N \L’ S
tlr L\ N\ N NS e
8|3 o -] I
£ )2 S
=4 g 4 Ly e .
o . ——
3 |& AN .'.9 e Pt \‘&
w e -
A1

/
AA'S
/
/

—— z
4\!-—__‘ h’-i-
e o
) 2000 4,000 6,000 28000 10,000
- STRIKING VELOCITY (V. }

Figure 4=124 (C). 'V,/V, vs ¥, for Selected Plate Thicknesses (L)

are constants determined separately for
each target material.

* Al constants are determined by the applica-
tion of the method of least squares to the linear
equation relating the Briggs’ logarithms:

log (m,~m,) =c+alog{ed) +-Blogm
+ylogsecd+rlog V.. (4-159)
To sccommodate this logarithmic treatment,

s fragment which emerges intact is assumed to
have lost one grain in weight.

This concept also is more fully treated in the
original document (Ref. 116). Fig. 4-125isan
jllustration c;f the type of data obtained. Asin
Fig. 4~124, ?5 is plotted against V,. However,

[ ]
? the abscissa on the right plots the ratics of
residual mass to striking mass, %, sgainst
J
striking velocity for selected plate thickness. A

graph of this type permits the vulnerability
analyst to estimate the residual mass and ve-

4200

locity (for the material tested) of an impacting
fragment of known velocity and mass,

For a more datailed understanding of the
concept of vesidual velocity and residual mass,
the reader is referred to Refs. 115 through 117.

4-124. (U} Experimeatal Techniques

In experiments concerning penetration and.

perforation by single fragments, a means of
controlied fragmentation is usually employed
to eliminate approximations of fragment size,
weight, and impact area in the empirical equa-
tion of penetration. Regular shapes such as
spheres, cubes, prisms, and cylinders are used,
and in line with current thought, they are nor-
mally in the weight range of 1/4 to 1/25
ounces.

The fragments may be launched one at a time
from a smoothbore gun, or they may be pro-
jected by a controlled fragmentation type ex-
plosive bomb or warhead. By either launching
method, it is possible to produce fragment ve-
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locities up to about 16,000 ft/sec. The velocities
of explosjively launched fragmenis may be
measured by one of the methods deseribed in
Pav, 4-11.22, such as: break-wire (Ref. 91),
tin-foil “make” screens (Ref, 107), light inter-
rupting screens. spark phctography (Ref. 81),
or Faraday shutters (Ref. 107). Kerr cells and
X-ray photography are used with gun-launched
projectiles,

The attitude of fragments is indicated by the
pattern they make in passing through the ve-
locity screens,

One technique is the use of target plates lo-
cated at various distances from the bomb (ap-
proximately 16 feet, depending on bomb size)
and arranged in a setmi-circular pattern. The
plates are positioned at predetermined angles
to the line of fragment flight, 3o that penetra.
tion data as a fuuctivn of angle of obliquity
can be obtained,

Jameson and Wiliams (Ref. 107) discuss a
method of obtaining projectile velocities before

and after the target plate. The projectile veloc-
ity above the plate is found by using make
screens, of photographic mounting tissue sand-
wiched between aluminum foil 0.0007 inch
thick, and Potter chvonagraph counters, model
450. Projectile orientation is deiermined by
using the plates, themselves, as yaw cards.
Make screens, however, can not be used be-
low the plates, because it becomes impossible to
dutermine what velocity is being measured. A
photographic technique, which is a variation
of the usual shadowgraph methed, proves ade-
quate for this purpose. This method employs
two one-half microsecond Rapatronic shutters
{Edgerton, Germeshausen, and Grier) and a
haif-silvered mirror. The projectile is back-
lighted by slightly convergent light from a
douhle spark source. The time between ex-
posures is controlled by a preset interval gen-
erator, and is recorded on 1.6 megacycle, model
450 Potter chronograph counters. The preset
interval generator is triggered by the pulse
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from the second screen of the pair of screens
used to determine projectile velocity above the
plate. Fragment and projectile shapes are de-
termined both from pictures and by recovery
of samples for comparison.

4-13. (U} HYPERVELOCITY FRAGMENTS

4.13.1. introduction

The theoretical and experimental aspects of
fragment impact in the hypervelocity regime
are presented in this paragraph, which also
includes a discussion of the state-of-the-art. A
general description is also given in Ch. 2, Sec. I.

4=13.2, Theory
#-13.2.1. General

The superficial differences between the proc-
ess of penetration at moderate velocities and
the effects of hypervelocity impact are illus-
trated by Fig. 4-126, which shows craters pro-
duced in lead targets by steel spheres impacting
at a variety of velocities (Ref. 108). At rela-
tively iow velocities (top-ieft view), the projec-
tile penetrates the target without being de-
formed and forms a deep, roughly conical
cavity. If the velocity is increased by a modest
amount, as shown in the second view ({op-
right), the amount of cavitation produced in-
creases comsiderably but the cavity does not
become significantly deeper. In this velocity
range. the pellet begins to be deformed but not
destroyed. Increase in impact velocity to ap-
proximately 1 km/sec. results in complete de-
struction of the pellet and in the formation of
a crater which is considerable greater in diam-
eter, but still not significantly dueper. (Note
that gun velocities are given in the nomencla-
ture of that phase of the science, i.e., ft/sec.,
but tha* pellet velocities from explosive devices
are given in m/sec.) Further increases in ve-
Tocity to 1.7 km/sec., 1.9 km/zec. and, finally, to
3.1 km/sec., result in successive intreases in the
dimensions of the crater, and a closer approxi-
mation to a hemispherical shape. The hemi-
spherical shape of the crater is considered a
necessary, although not a sufficient, indication
for hypervelocity impact.

The transition from the narrow, deep cavity
to the hemispherical cavity can be produced at

4-202
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Figure 4=126. Steel Pellet Panetration Into
Lead Torgets, of Various Peflet Yelocities

lower velocities in soft target materials, by us-
ing soft projectiles. Therefore, the condition is
not simply one of velocity, but also depends
upon the strength characleristics of the ma.
Higher velocities are requiied with
either harder target materials or harder pro-
jectiles, At the higher velocities, the pellet is
rot only deformed and destroved, but it is

- found plated over the surface of the resulting

crater

Another, more critical, criterion for hyperve-
locity impact depends upon the behavior st
oblique incidence. At lower velocities, as illus-
trated in Fig. 4-127, the crater produced at
high angles of obliquity is very asymmetric and

P -1 -,

UNCLASSIFIEE

ﬂF'

- ‘*‘ﬂ

i1

L

C

- it
3

d



U

p\!ﬂ ﬁﬁ

wuw

i

rﬁ'“mﬂi
Tﬂk‘i
NISTT R

considerably shallower than that produced at
Jow angles of obliquity or at normal incidence.
However, if the velocity of impact is increased,
even at very high angles of obliquity, a com-
pletely symmetrical and hemispherical crater
will be formed. In the cage of a steel pellet fired
into a lead target, a velocity of 3.2 km/sec. i8
sufficient to produce a hemispherical crater even
at 60 degrees cbliquity. The volume of the
crater, however, is considerably smaller than
would be obtained with the same projectile
traveling at the same velucity but impacting at
normal incidence. [t has been found, empiri-
cally, that to assure a symmetrical, hemisphoer-
ical crater, the impact velocity must be s¢ high
that the components normal to the target sur-
Iace exceed the shock velocity in the target
corresponding to the impact pressure. This
condition can be used as another criterion for
hypervelocity.

The above-mentioned criteria depend upon
only superficial aspects of crater formation.
The rea!ly fundamental criterion depends upon
the velocities of propagation of disturbances in
the target materiul, and the impacting projec-
tile, and upon the equations of state of the two
materials. By definition, truc hypervelocity

e
ID' ullq.li!v
{Al EFFECT OF OBLIQUITY, WITH IMPACT

30" Quliquity
VELOCITY HELD CONSTANT

\' = J32 lun/uc
$0° Obliquity

Vve222 km/u:
60° Obliquity

(8) EFFECT OF IMPACT YELOCITY, WITH
OBLIQUITY HELD CONSTANT

Figure 4=127. Hypervelacity Crater Formation
Under Obiique impact, Sieel Pelivls into Lead Targels
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impact occurs when the velocity of penetrstion
is grester than the uzual propagation velocity
of stress waves (sound or dilataticnal velocity).

This insures that defurmation of both pellet and

Jtarget will occur inunediately at the interface

between pellet and target, with an intense
stress front (probably s shock wave) praced-
ing the interface at supersomic velocity. Be-
cause pressures produced under typical condi-
tions of hypervelecity impact will be in the
megabar range, the velocities of propagation
concerned will, in general, be considerably dif-
fevent from the velocity of sound in the
material,

" All the energy of the system is confined to a

small volume, etc., becauss under the velocity

conditions it cannot escape. The explanation of
the crater form lies in the answer to such fund-
amental questions.

One means of obtaining dependable predic-

_tions is the establishment of & really satis-

factory theory of the phenomenon, with

verification by use of such materialy as can be

subjected to hypervelocity conditions. Consid-
erable effurt has been put inte theoretical ii-
vestigations, but thus far witk little real
success, The most acceptable theorctical treat-
ment carried out thus far is that by Bjork,
however, the results appear to be in essential
dieagreement with experimental observations.

With present knowledge, $n order to make guali- -

tative predictions of what would be expected
to oceur in structural materials ut much higher
impact velocities, reliance must be pluced on
experimentul observations, using such available
materials that can be subjected to hypervelocity
coaditions, and on a paysical mod=l of the
phenomena that take place.

4=13.2.2. High Spaed Photegraphy, uad
Elecireaic Delacters

One approach to the problem is represented
by the photographs in Fig. 4-128. For trans-
parent target materials, high speed framing
camera observations ean be made before and
during ihe formation ¢! the crater, and the
propagatin of shock waves can be obsarved in
& quaatitative mannes. In the pictures shown,
which progreas in time from upper left to lower
right, the pellet can be seex approaching the
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target in the third, fourth, and fifth frames,
The pellet is a thin disc; the e¢longated, lumi-
nous trail behind it is due to ivnization of the
air. In the sixth frame, impact occurred, and
in the seventh and eighth, the resulting crater
can be seen expanding. During these early
stnges of crater expansion. no detached shock
wave i vigible, This condition would be antic-
jpated, hecause in this experisaent the impact
velucity is much greater than the velocity of
propagation of waves in the plastic muterial

Figura 4128, High Speed Camera Observations of
Projectile Penatrotion into Transparent Target

4-204
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usedd; and even the most stringent conditfons
speified earlier for hypervelocily impact have
been achieved. In the ninth frame, a shock
wave cah be seen to dotach itself from the sur-
face of the crater. In succeeding frames, the
shock wave is seen to propagate at a velocity
somewhat in excess of the velocity of expansion
of the crater, although the crater continues to
increase in size. After approximately the
twelfth frame, crater expansion is no longer
observed, although the shock wave coutinues
to expand and to dissipate its energy through-
out the bady of the target material.

Quantitative meassurements of propagation
rates, using such pictures, are being combined
with known equations-of-state for the target
muterial, in an attempt to determine the pres.
sures and particle velocities within the ma-
terial, 1t is jntended that these quantities will
then be correlated with the rates of expansion
of the crater, in an attempt to test a hydro-
dynamiec model of erater formation.

Similor data are being obtained for opaque

" target materials, including metals, by inserting

electronic detectors at variouas positions in the
target, by means of which the velocities of
propagation of siress waves can be medsured.

$=13.2.3. The Crater Formetion Model

As a result of the described observations,
and of other experimentul and thecretical in-
vestigations, a model has been developed of
the phenomenon of crater formation under
hypervelocity impact conditions. The model is
{llustrated by the sketches shown in Fig. 4-129.
The relative time required for the crater forma-

tion process to reach the stage shown in each

view is shown as -;7. where T Is the total {ime

required to form the crater.

During the initinl stages of the process, a
mutual deformution of the target and the im-
pacting projnctile takes place, in accordance
with hydrodynamic concepts, Since the pres-
sure at the boundary during this period is in
the megabar ranye, it cannot be satisfactorily
approximated by the use of Bernoulli's equa-
tion because of the extreme compression of the
material. The velocity of motion of the erater
wall excoeds the speed of propagation of stress
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waves at the pressures produced, so that all of
the energy of the system is contained in & very
small volume in a thin Jayer near the interface.

The crater expands, and the projectile con-
tinues to deform until it has been completely
deformed and plated over the surface of the
crater. The energy of the system is then all
contained in & thin layer of target material,
and the pressure is to =ome extent relieved. The
rate of expansion of the crater decreases and
the wave thereafter propagates at a greuter
rate than the ¢rater wall, with the wlume of
materisl in which the energy is confined in-
creasing rapidly. Duyring all of this period, the
combination of radial and shear flow of ma-
terial in the vicinity of the crater wall results
in an ejection of considerable amounts of ma-
terinl at appreciable velocities, Eventually, the
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expansion of the shock wave and the dissipa-
tion of energy result in a reduction in the local
pressure below the value required to overcome
the intrinsic strength of the material, and the
expansion of the crater ceases. The shock wave
continues to propagate, and to dissipate energy
in the form of heat and local changes in struc-
ture of the material which are irrelevant to
the process of crater formation. At this stage,
that projectile material which bas nut been
ejected remains plated over the surface of the
cruter wall,

In soft target materlals, the expansion of
the crater may proceed tu such an extent Lthat
the plated projectilo material is separaled into
fragments, distributed at random over the sur-
face of the crater. In ductile target materials,
the ejection of material terminates in the for.

Figure 4-129. Sketch of Croter Formation Phenomenon
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crater. In brittle target materiais, the propaga-
tion of a tension wave from the free surface
results in fracture and removal of the lip, In
the case of very frangible target materials, ex-
tensive shattering may occur and actually ob-
scure the original form of the crater.

It will be noted that at no point in the model
is the possibility of “explosion” or fusion of
the material suggested, In the early stage of
the process, when the energy densities far ex-
ceed those required for fusion and vaporization,
the material is subjected to such great pressure
that its density may be more than double the
normal value. Therefore, questions concerning
its state are purely academic, Later, after the
prssure is somewhat relieved, the energy re-
tained within the material is too low to cause
vaporization.

The initial stage of the process, during which

‘the projectile maintains its integrity, but is

deforming, continues for only a very short
time. If projectile and target material have
approximately the same density, the duration
of this part of the process can be approximated

2! . .
by t=? where 1 is the length of the impacting

projectile, and v is the impact velocity. Thus,
a projectile 1 em long, striking at a velocity of
20 km/sec., will have completely disappeared
as a causative factor after one microsecond,
and the crater at that time would have a depth
equal to the initial length of the projectile. The
second stage of the process, cavitation, may
continue for a period of the order of hundreds
of microseconds, resulting in a final crater
having dimensions many times greater than
those of the projectile.

The densities and compiessibilities of the
projectile and the target material are im-
portant in determining the pressures produced,
the duration of the initial stage of crater for-
mation, and, conseqrently, the intensity and
shapc of the stress wave that produces the
later cavitation. The dynamic strength proper-
ties of the target material, in addition to den-
sity and compressibility, determines the extent
of cavitation and the ultimate dimensions of
the crater.

4-208

From the model that has been developed.
several inferences can be drawn that have sig-
nificance for possible applications. In the first
place, plates of thicknesses many times the
dimensions of a projectile can be perforated
under hypervelocity ¢onditions, but it cannot be
expected that any significant portion of the
impacting projectile will be found behind a
target whose thickness is greater than the
dimensions of the pelict. Consequently, behind
even moderately thick plates, the only damage
that can be anticipated is that produced by
fragments of the target spalled off by the stress
wave, These particles will be fairly large and
will be spread over a considerable area, but
will be traveling at relatively low velocities,
therefore, their damaging capacity will be de-
termined primarily by the type of internal com-
ponent being considered (“hard” or “soft”},
and not by the mass and velocity of the spall
fragment.

4-13.2.4. Maera-Particle and Micro-Particle
Projection and Observation

A sketch of a typical crater by macro-par-
ticle impact (0.1 to 10 grams) in a compara-
tively ductile material is shown in Fig. 4-130.
In the sketch, P. is the depth of the crater be-
low the level of the undisturbed surface, D. is
the diameter of thescrater at that level, and PH
is the height of the crater lip or petai above the
surface. Fig. 4-131 shows quantitatively how
penetration, P,, into ead targets varies with
impact velocity, for projectiles of different ma-
terials, as determined by various agencies in-
volved in this work. In order to include dats

B PH

v |

Figure 4-130. Typical Crater Formed by
Macro-Porticle impact
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for a range of pellet masses, the ordinates have
been normalized by dividing penetration depths
by the cube mot of the pellet mass, in accord-
ance with scaling laws,

It can be seen from the figure that initiaily,
penetration increases very rapidly, and approx-
imately linearly with impact velocity, The siope
of this portion of the curve is quite sensitive
to the hardness of the projectile. At about 0.6
km/sec., the projectiles tend to fracture, and
the penetration falls off rather sharply, For a
comparatively hard projectile, a velocity is
reached where fracture occurs shortly after im-
pact, and penetration is continued by each of
the individual nieces. Because in aggregate
these present a larger area in the direction of
motion, and because at low velocities penetra-
tion is inverzely proportional to the presented
area of the projectile, the penetration falls off
rapidly. As the impact velocity is increased
stil] further, the penetration again starts to in-
crease.

Referring to the figura, the sigmificant point
should be made that, when the impact occurs in
the hypervelocity range, penetration relations

W

obtained at low velocities cannot be used, be-
cause penetration is being produced hy an en-
tirely different mechanism. At low velocities,
the projectile maintains its integrity and
pushes aside the target materinl that is ahead
of it; thus, during the entire penetration proec-
ess, the pellet is present as a cuusative force.
At hypervelocities, the pellet acts as a point
source of energy on the free surface of the
target. Whereby, the nrojectile acts like an
extremely short shaped-charge jet, and is used
up within a few microseconds after impact,
while the crater continues to increase in size
for a considerable time afterward.

Equipment and techniques are described in
Ref. 109 for the projection of hypervelocity
micro-particles and in the evaluation of their
terminal ballistic effectiveness. Velocities of
12.0 km/sec. have been achieved by these tech-
niques for clusters of micro-particles in the
size range of 1 to 100 microns. Higher veloci-
ties are expected with suitable refineraent and
modification of the means of projection.

It is not possible to associate a particular
mesasurable microcrater with a unique deter-
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Figure 4131, Quontitative Presentation of Projectile Peneiration Inte Lead Tarpets,
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minable particle mass, for quantitative analysis
of velocity-energy cratering relationships.
Therefore, it is necessary to treat the crater
measurements statistically for relating to cor-
responding particle size and, hence, tc mass.

For several materials, targets exhibiting sev-
eral hundred measurable craters have been
subjected to crater size distribution counts and
analysis, It was found that a 100-micron par-
ticle forms a crater approximately 730 microns
in diameter in a copper target. Converting the
particle size to mass gives a vrlue of 4.5 cm/
grams** for comparison with macrc observa.
tions at lower velocities. Fig. 4-132 shows this
comparison plotted together with some data of
Kineke’s which is previously unpublished (Ref.
110). The solid line represents the data for the
macro pellets, for which detailed analysis is
still incomplete. Similarly, the 100-micron par-
ticle corresponds to a 1,150-micron diameter
crater in lead, and the normalized value com-
putes to 7.0 em/gram”? for comparison with
the micrd pellet lead data of Fig. 4-132. The
double-circled point with an arrow, indicating
the value raported at the Third Hypervelocity
Symposium, is plotted to show the effect of
refinements in technique.

The statistical distribution method of treat-
ing the particle size versus crater size correla-
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Figure 4=132. Compurison of Observations of
Micro-Particles at 10 imy/ sec. with Micro Dato ot
Lower Velocities, for Two Target Materiols;
Diameter vs Velocity
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tion has: resulted in the determination f the

size of crater, formed by a given mass particle,
&t an impact velocity of 10 km/sec. in lead and
copper targets. These techniques are presently
undergoing further necessary refinements, in
order to extend the observations to higher ve-
locities, in excess of 12 km/sec, and other tar-
get materials. Results of these experiments,
together with the macro nellet data, indicate
that scaling laws hold for the range of particle
mass from 10— to 10.0 grams.

Figs. 4-133 and 4-134 show penetration, P,
of various projectiles into aluminum aud cop-
per targets. It is evident that the penetration
depends upon such physical and mechani:al
properties as density, hardness, and yield
strength of both the target and projectile ma-
terials.

4-13.3. (U) Esperimental Techniques

4-13.3.1. General

The acceleration of projectiles for the study
of hypervelocity phenomena is accomplished by
three genera; classes of projectile accelerators,
They are light gas guns, high-explosive devices,
and electrostatic and electromagnetic accelera-
tors. Light gas guns include both the expend-
able and non-expendable types, while explosive
devices include both single pellet projectors and
devices that produce a number of particles.

4-13.3.2. Light-Gas Guns

Fig. 4-135 is a schematic Jiagram of the
operation of a typical light ges gun. In the first
stage of the gun, a conventional gun-cartridge
case containing propellant accelerates the pis-
ton and, thereby, compresses the light gas. Af-
ter about three milliseconds of compression, the
light-gas pressure increases from an initial
value of approximately 600 psi to approxi-
mately 100,000 psi, and a temperature of 3,600
degrees Fahrenheit. At about this time, the
shear disc ruptures, and the projectile begins

its movement down the bore of the secund

stage of the gun. Because of the large mass
of the piston, its inertia causes it to continue
the compression stage and push the light gas
down the bere of the second stage, behind the
projectile, '
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Figure 4-133. Quantitative Presentation of Projeciile Pensiration Into Aluminum
Torgets, at Various impact Velocities

Limitetious to the maximum velocity of con-

ventional light-gas guns sare:

1. A shock is propagated down the barrel
ahead of the projectile, which causes the
projectile to break up when the gun is
operated near its maximum conditions.

2, The maximum pressure within the cliam-
her is limited by the strength of the
chamber material,

3. The available kinetic energy is divided
between the driving gas and the projec-
tile; therefore, a large fraction of the

20x10
kg 3

VP km/enc)

Figure 4-134. Quantitative Presentotion of Projectile Pensiration into Copper
Tergets, ot Yarious Impact Velocitivs
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available energy is used in moving the
gus, even when a light gas like hydrogen

. or helium is used.
Shocks in th2 barrvel of the gun c¢an be pre-
vented to some extent by evacuating the bore.
Most of the cesearch efforts to date have con-

4210

centrated on raisiiig the maximum chamber
pressure, by operating near the limits of the
strength of the material, and on reducing pro-
jectile fracture by varving the thicxness and
strength of the projectile.

The maximum velocity obtainable with exist-
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ing light-gas guns i3 about equivaient to that
obtainable with explosive devices. Reproduci-
bility of dats with light-gas guns is not as
satisfactory 43 with explosive devices. In addi-
tion, the initial cost of existing guns is very
high, and they are also very expensive to oper-
ate on a per-shot cost bagis, For these reasons,
only s limited amount of usabie data has been
obilained by this method.

4=133.3. Expeadoble Guns

In view of the high ccst and the limitations
of the more cnventional light-gas guns, severs!
investigations have been made into the use of
exper.dable gun systems. Since explosives rep-
resent & cheap and compact energy source, they
have been used to obtain the necessary high
pressures within the gun chamber. This brute-
force technique has the disadvantage, however,
of an extremely rapid rise in pressure, which
tends to cause pellet breakup in the barrei of
the expendable gun system.

The techniques used in this instance are illus-
trated in Fig. 4-136 wherein a conventioual
gun desigm, if it may be considered as such,
has the chamber of the gun surrounded with
high explosive (Ref. 111). At an appropriate
time, after the first detonator has released the
helium, the HE is exploded by means of its
Jetonator, thus collapaing the chamber to es-
sentiully zero volume, compressing the light
gas, and accelerating the projectile. A second
design for an expendable yun is that shown i
Fig. 4-137. The explosive is placed within and
at the rear of the gun chamber, Upon detona-
tion, the pressure rise is attenuated through
the air chamber, so that pellet breakvp ig in-
hibited.

Lach of these guns is capable of projecting
an intact pellet at 12 000 fpy, or a broken pellet
at 12,000 fps. Tests are being conducted with
the goal of obtaining velceities in the order of
18,000 f;.« with an intact pellet, by varying the
attenuation of the pressure puise rise, or by
varying the chumber wall thickness, or by vary-
ing the pellet strength, in such a manner that
the Ligh explosive does not cause the breskup
of the pellet.

4-13.3.4. Repected Puise and Treveling
Charge Guns

The repeated pulse gun acts on the principle
of firing a pellet through a hole along the axis
of an explosive cvlinder, As the pellet emerges
from the front end of the explosive cylinder,
the explosive is detonated. In principle, the
explosivn will accelerate the projectile by a
finile amount. By using one, two, or many
stages of high oxplusives, and by Jetonating
each charge of explosive at the appropriate
time, it should be possible to realize a small
increase in velocity with each stage of the gun.
Ideaily, it shouid be pousible to achieve almost
any velocity, up to the escape velocity of the
detonation products, given controlled explosion
timing and controlled pressi.re pulse shape, pro-
vided the projectile maintains its straight
course along the axis of the explosive charges.

The traveling charge gun is based on the
principle of Laugweiler (Ref. 112), which re-
quices A propellant, with a high linear burning
rate, affi::od to the base of the projectile in a
more or less conventional gnn system. Because
the propellant is traveling along with the pro-
jectile, it is not necessary to maintain an ex-
tremely high pressure nor an extremely high

Primecord
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Taryl comp.
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Figure 4=138. Represaniative Expendubles Gun, Using Externol Explasive
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sonic velocity in the propellant gas. If the pro-
pellant can be controlled to such au axtent that
it burns uniformly, and imparts g suitable
fraction of its energy to the base of the projec-
tile, it should be possible o reaiize an extreme-
iy high projectile veloeity. Attempts to date to
build a traveling charge gun have peovided only
a ten per cent improvement upon Lhe normal

velocity of a conventional gun system, primarily -

because it has not been possible to control the
burning of the propellants that were used.

4=133.5. High-Explosivea Bevices

Three explosive charge designs used to ob-
tain hypervelucity peltels are shown iu Fig
4-138 (Ref. 113). In the first typ+, a pelled is
placed on the and of a simple explosive charyge
and cofined with a “surround,” which i+  nal.
ly mede of a material such as lead, thu. .l be
vaporized by the detonation. The second type
is the mir cavity charge, in which a pellet is
embedded in an air cavity in the case of an
explosive charge. The third type is the self-
forging fragnient (Ref. 80).

Charge designs (A) and (C) of Fig. 4-188
have been made to accelerate masses at veloc-
ities approaching 7,000 m/sec.; however, the
mass of the projeeted pellet has not been repro-
ducible. Consequently, these designs have not
been used extensively to obtain terminal bal-
listiv data.

The most promizing of the three designs Is
that using an gir cavity (B), which reduces the
presure oti the pellet and alloviates breakip
(Ref. 118). By varying the dimewnsions of the

4-212

1

anmm\

il ﬁa—

alr cavity and the thickness of the pellet, intact
masses having a Xnown velocity and mass have
been projected at velocities of from 2,000 m/
sec. to 7,000 m/sec. In every instance, the
pellet lost scme mass around its periphery, the
quantity depending upon the varticular charge
design used, In general, it has been found that
88 the depth of the air cavity behind the pellet
ia increased to a limit, the velucity of the pellet
is increase : bevond this point the pellet breaks
up. As the velocity of the pellet increases, how-
ever, the mass lost is reproducible for a given
pellet and charyge design. ‘The fit.1l mass of a
given pellet is reproducible to less than 2 per
cent of probable error.

4-13.3.4. Shaped-Chorge Accelerotion of
Micro-Particles

Micro-particles can be firel in a cloud from
& low-angle, conical-cavity charge. These small
masses (10" to 10 grams) have been fircd at
velocities of up to 15 kin/sec. A statistical tech-
nique is used to obtain data on single impacts.
Two kinds of charge that have been used effec-
tively w accelerate micro-particles are de-
scribed below (Ref, 114). A 20-degree cone
having a very thin wall (0.010 inch or less) has
provided particle velocities of up to 10,000 m/
sec. and a cylinder hay beeh used to project
particles up to 12,000 m/sec. The designs and
vronerties of the materials are such that a con-
ventional jet i3 not obtained from thia type of
shaped charge. Instead, s cluster of particles
having a preferred particle size, depending
upon the grain size of the original liner ma-

(8] WITH (B) WITH |c) SELF-
“SURROUND"”  AIR CAVITY FORGING
FRAGMENT

Figute 4=138. Representative Explosive Charge
Designs for Hypervelccily Projectile Tests
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terial, is projected at high velocity. This amall
cluster of particles is quite compact and has
very little gradient in velocity. Trailing the
hiph-velocity cluster of particles will be the
slug and residue material, which ave natural
conseyjuences when using shaped charges. This
massive material, however, is moving at a veloe-
ity low enough so that it can be eliminated with
an exgplcsive shutter.

As doscribed and illustrated in Ch, 2, Sec. I1I,
when the metal liner of 2 shaped charge col-
lapses on charge detonation, a ductile jet is
formed which is continuous in nature and has
a velocity gradient from its tip to its tail (Ref.
110, J. E. Feldman, Jr., “Volume-Energy Rela-
tion from Shaped Charge Jet Penetrations").
The jet ultimately breaks off from the liner slug
and, when it has reached its maximum elonga-
tion, begins to break up into discrete particles.
In principle, it should be possible to consider
cach element of the jet as a separate entity,
and to determine the volume of crater in the
target due to each increment of jet length.
Ideally, from a single shaped charge firing, one
can obtain the volume of crater produced in the
target per-unit-energy of the impacting mate-
rial for a complete spectrum of velocities, due
to the velocity gradient of the jet. It should be

possible, therefore, to obtain data from a con-

ventional, copper-lined, shaped charge at veloc-
ities ranging from 8,000 m/sec. at the tip to
approximately 2,000 m/sec. at the tail of the
jet.

Another shaped charge used to obtain high
velocity crater data is the charge with a cylin-
drical liner. Normally, cylindrical liners do not
produce a jet-like configuration, but rather a
dispersed scatter of fragments. This is true
when the liner material approaches the stugna-
tion point, at a velocity in excesy of the aluatic
wave velocity of the Un rni e lul. Howvover, if
an explosive ‘s used that has & Jdetunation rate
such that the liner approaches the stagmation
point at less than the elastic wave velocity, a
true jet can be formed. By using Baratol ex-
piosive (detonaticn ru.e, 4,900 m/sec.) and 2
cylindrical aluminum liner (elustic wave veloc-
ity, 6,100 m/sec.), a well-defined jet is obtained
having the velocity of 9,800 m/sec. The length

bt
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of the jet was approximately one-half the
length of the original liner ang, in flash radio-
graphs, appeared to have little o1 no velocity
gradient.

Using beryliium liners (elastic wave velotity,
12,000 m/sec.) and explosives having a detona-
tion rate in excess of 9,000 m/scc., appreciably
large, yet well-defined, masses of material have
been projected at velocities as high as 21,000
m/sec. Use of wave-shaping techniques should
even permit velocities up to 50,000 m/sec. with
the same materials.

4-13.3.7. Electromagnetic and Electrosturic
Accelerators

The technicuss o eiectromagnetic and elec-
trostatic accelerstion of particles have been
investigated for ¢ 'me time. Electremagnetic
accelerators are depeirdens up~n the character-
isties of the puwer supply. A rumber of power
supply types, including capacitors, incnetore.
rotating machines, a.d batteries .nave been
used; nune, however, hove shown meat suc-
cess. Direet current rail guns have heen auc-
ceasful in accelerating 10 gny to 3,300 £¢/sec.,
and 45 gma (0 2,000 ft/sec., velocities not high
enough for hypervelocity particle work. It can
be concluded, therefore, that a successful elece
stomagnetic accelerator has not yet been built.

Electrostatic acceleration of small particles
i3 even less feasible than electrumagnmetic ac-
~¢eleration, since the charge is unly on the sur-
fuce of the body and fs limited by the field
strength of the air. It is, therefore, necessary
to make the particles as small as poussible in
vrder to increase the charge to mass ratio, 80
that greater velocitios may be possible. Macra-
svopic particles vannot be uccelerated prac-

tically to high velucities by electrostatic means;

it has been calcul:ted that an acceleration
potential of 1 millio'. volts is required tn ace
celerate & 2 microa copper sphere to 20 km/
sec. Furthermore, the actual surface charge
Aensity will be less than calculated, due to sur-
fase irregularities and charging difficuitios, 80
that the required accelerating potential is
actually greater than calculated.

t has heen councluded that neither electro-
megnetic or electrostatic acceleraiing tech-
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niques are pnctiul, With great ~oct and effort,
An electromagnetic system could pc  .bly be
coupled with & non-electromagnatic fi.st stage
used to overcome the original inertic of the
projectile. Eloctroatatic aceslerators could pos-
sibly be used to accelerate particles lexs than 1
micron in diameter,

4=13.3.8. Summeary

Each of the techniques available to the ex-
perimeter, by which hypervelocity projectilas
can be obtained, hus been briefly described. It
has becnt seen *hat, with conventional light-gas
guns, velocities up to approximately 23,000 ft/

sec, have been obtained. Future efforts, specifi-

cally along the lines of & combination light-gas
electric-discharge gun, could in the future lead
to velocities as high as 36,000 ft/sec. Expend-
ahle guns have given valocitios £s high as
18,000 ft/sec.; if pellet breakup can be over-
come, possibly this present limit could be ex-
tended. Light-gas guns are expensive, particu-
larly at velocities much above 12,000 ft/sec.
They are flexible in being able to project a
varigty of pellet shapes, masses, and materials,
although the effect of saboting, and the loss in
velucity when pellet demwity is increased must
be carefully considered.

The high-cxplosive techniques dessribed
(particularly the air cavity charge) have led

%o the capakility of projecting fragments
estimate of

velocities of 7,000 n'/sec. No
limiting velocity for the air cavity
available, Explosive techniques are
promising for two reasons: first, they provid
reproducible pellet masses and velocities; and,
secondly, theymc!mnandeuytoule A
fermina! ballistic program requiring many
shots can be accomplished with relative emse
and little expense,

The conventional shaped charge technique of
projecting a stream of large particles having
a spectrum of velocities shows promise, but re-
maina to be proven. The most significent ad-
vance in this area is in the technique described
for producing short jets with little velocity
gradient, thereby projecting tangible masses to
velocitios in excuss of twice detonation velocity
(18.0C0 m/sec.),

Small shaped charges using a cast ivon liner
for projecting micro-particlas have been used
with marked success. Unfortunately, there is
always a question a8 to the mass of a discrete
particle which caused & particular crater in the
target. Attempts to obtain an accurate corrala.
tion between crater dimensious uwad mass have
been based on a statistical tre:tment. However,

5’

it is possibie to project microscopic particles up

to velocities of at lenst 12,000 m/sec. This
velocity represents the highest ohtained by
actual experiment,

Section IV (U)—Dstonation Physics

44, INTRODUCTION

4=14.1. Scepe of the Section

This xection is concerned with the collectivn
and anulynis of data covering the physics o ex-
plosive devonation, The matiiemaiical theorv
covering the detonation procwscs, including
the usual equations of hydrodynamicy, is out-
lined, and the implications of thu theory with
regard to propagating ihock and detonation
waves ir explorives are discussed,

Experimental iechnigues for the study of
detonation waves are also discussed, These in-
Juc's such 1uethoda ay the pie Lochnique. ~enk
photography, A-ray, and optical teckrigras,

4214

and a discussion of recent developments in the
use of high-speed cameras.. In addition, umipiri-
el dats such as detonation velocities, eqaa-
tians of state, and thermochemical properties
of different materinls are presented.

4=14.2. Cress-Retorsaes ixtormation

The subject of detonation physics is by its
very nature primarily thenvetizal knowledge.
rather than knuwledge applied to speeific kill
mechuaiomas or turgets. Review of earlier parts
of the publicution, prior to the study of this
subject, is not required, therefure; and thare
will he & minimum of nferetices to the nther
parts,
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4-15. E{PERIMENTAL TECHNIQUES

&=15.1, Iatreducti.n

Probably the most important and the mosat
significant parameter associated with explosive
detonation is the resulting detonation pres-
sure, However, due to its transient nature,
high magnitude, and short duration, direct
messurement of the pressure has not been prac-
ticable. Vaiious theories have been postuiated
which analyticnlly relate detonalion pressure
tv detonation wave velocity, and seversl ex-
perimental techniques are preseantly used to
measure the detonation wave velocity, Recent
investigations at Aberdeen Proving Ground in-
diccte & procedure for the direct measurement
of detonation pressures by use of suiphur
tranaducers. In addition, investigations are
continuing on direct temperature mesasure.
ments, but to date limited success has been
achieved.

4=15.2. Measuroment of Detonation Velocity

4=15.2.1. Pis Method

Prior to 1955. most of the measurements of
detonation rates were made by using either
streak camerss, the method of Dautriche, or
the Mettegung recorder (Ref. 118). The pin
method, an electronic technique which mens-
ures detonstion velocity with extreme preci-
sion, offers scveral advantauges over other
available methods. Among these advantuges
are very high time resolution, and the ability to
indicate whether the detonation wave is in an
advanced atate of decay or is still compara-
tively strong. The pin method also provides a
means of directly observing the progress of the
wave in the interior of an irregularly shaped
plece of gxplosive.

A brief description of the pin method fol-
lows. The electronic circuit consists busically
+f three parts: the explosive, into which iz in-
sorted sither ionization.operated or shock-
operated pin switches; & signal mixer circuit
and tranamission line; and & cathode-ray
chronograph. The pin switches are placed at
very accurately mweasured distances along the
explosive. After closure of the swiwited, the
cathode-ray chronograph records the time be-
tween pulses of the pin switches, as received

e
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;h;ough the mixer circuit and transmission
e

The pin method of measuring detonation
velocities has a standard error of observation
that is lesg than 0.1 per cent of the detonation
rate, for chnrgu only & few inches in length
Expreased in terms of time, the ervor is lous ™
than 8 X 10 meconds for most experiments,
Fig. 4~139 is a schematic of the test apparatus.

Distortion of the detonation wave at the
charge boundaries iy not detrimertal, nor does
confinement of the charge in metal or other
opaque materials hamper the measurement of
detonation rate. However, if full advantage
is to be taken of the precision afforded by the
pin techniqe, great care must be taken in pre
paring each charge and in controlling the firing
conditions,

4-15.2.2. Micrewave Techuiqne

The microwave technique is used primarily
in placo of the pin Liethod to measure non-
steady detonstion velocities. This technique 15
bused on the reflection of microwives frum the
jonized detonation front, and it yiolds a se-
quence of detonation velocilies which are aver-
ages over equal and adjacent intervals along
the length of the explomve being studied, The °*
cirevits for gencrating and detecting the miero- -
waves, and for the display and reduction of the
resultant signal, are given in Ref, 119.

Simply described, the apparatus is a piston
(representing the detonation front) generating
8 pericdic signal that is recorded by a probe

Figure 4-139. Pin-Method Test Apporotus,
Schemaric Diagiam
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and detector (Fig. 4-140). An attenuator is
inserted between the movable piston and the
oscillator, to isolate the oscillator from any
}ad changes caused by the piston movement.
One recorded cycle of the signal corresponda to
a piston displacement of one-half the wave-
length in the guide. If the guide wavelength
and the initinl pusition of the piston are known,
the pusition of the piston ag a function of time
can be determined. This gives, in turn, the
detonation velucity.

The microwave technique is more compli-
cated than the pin method, has an accuracy on
the order of one or two per cent, and is limited
to use with explosives which hnw. guod dielee-
tric propertics.

&=15.2.3. High Speed Phstegraphy

There are various high-speed photographic
methods emploved for*measuring detonation

" welocity. Brixner has developed a high-speed
- framing camera with a maximum rate of 3,-

500,000 frames/second (Ref. 120). This cam-
era uses the guneral principle of a rotating mir-
ror relaying the imuge to the film by a series
Jf lenses, but adds a two-faced rotating mirror
to divide the oplical system, so as to appreci-
ably reduce the blind time.

Sultanoff presents an extensive survey of
streak, singie-exposure, and high-speed succes-
sive framing cameras employed in the study of
explosive mechanisms (Ref. 121). The highest
frame.rate camera is & grid framing camera
by Sultanoff, having a rate of 10* frames/sec-

Recording Meter
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Figure 4=140, Microwave Technique Test Apparatus,
Schematic Diogrom
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oud (Ref. 122). Among the other more popu-
lar cameras listed by Sultanoff ure the low-cost,
Bowen RC-3, rotating-mirror, streak-type cam-
era (Ref. 123), with a writing apeed of 3.1
ma/usec, and the Rapatronic’ Faraduy single-
exposure type camwra {(Ref. 121), with ex-
posure time of 1 usec. These three types are
discussed in more detail in Ref, 121, and photo-
graphic resuits typical of each type are pre-
sented. Several other rotating-mirror cameras
of interest are described in Ref. 125,

The streak cameras produce photugraphs of
distance as & function of time, for studies of
detonation and shock rates. The Rapatronic
¥Faraday camern takes a single exposure at any
preset time interval after the first burst of
light. Suiltanoff’s grid-framing camera exposes
100 independent frumes at the rate of 10°
frames per second, allowing the entlre film to
be expoued in 1 psec. Because the Juminogity
prevails longer than 1 usec, muliiple exposures
are made, permitting & direct measure of the
velocity &t 100-frame intervals.

4153, Measursment of Detonution Pressure

4=15.3.1. Genersl

Due to the very transient nature and high
magnitude of explosive pressures, only limited
work has been reported on the direct measure-
ment of detonation pressures. Two such meth-
ods ure presented here, with some initial
graphical results.

4=15.3.2, Geliring ond Dewey Methed

Gehring and Dewey describe the followiag
method of determining the detonation pressure
(Ref. 126)., Consider a detonation front travel-
ing into a metal surface. At normal incidence,
reflzction occurs with a large increase in pres-
sure. With the front perpendicular to the
metal surface, the compression of the surface
produces & rarefaction in the explosion prod.
ucts, resulting in & decrease in pressure below
the detonation pressure. At some small angle
between the surface and direction of flow, the
fiow into the metal just compensates for the
effect of compression of the metal, The pres-
sure on the metal surface is then the detonation
pressure, The desired condition is clearly that
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st which the flow bshind the front is along the
compreased surface,

Flg. 4-141 is a diagram of such a flow, the
detonation front making an angle o, with the
perpendicular to the original surfrice of the
metal, such that the flow immediately behind
the front is parallel to the depressed surface.
This surface ia then a streamline, and the nor-
mal component of stress on it is the detonation
pressure, The milerial flow has & component
D tan o, {n the doetonation front. Because tiis
component is unchanged by the passage of the
detonation front,

.D tﬂn o= (D U") t‘n (ﬂ|+a)'
(4-160)

where D s 'obtained from ‘optical measure-
ments. Thus, determination of a. and 3 deter-
mines U,, and the detonation pressure can be
computed from
P D sin
P <ol &, 3iN (w, +8)

where p,, po, and D? are expresscd in consistent
units.

Direct observation from densitometric meas-
urements on radiographs of the angle o, at
which no rarefaction occurs, is subject to the
same difficultics as is the cbaervation of the
density. However, o can be deteymined an-
other way. A compression shock propagates
with & velocity monotonically increasing as «.
At larger values of o, beyond ., flow behind the

(4-161)

Detonstion From

Figure d=141. Delonaiion Presnre, Flow Diagram

detonation front is unstable. A graphical plot
of Uy versus a will then determine «,, at the
abrupt change i{n the monotonic function.

4-15.2.3. Heuver's Methed

Perhaps the most direct and recent method
of obtaining detonation pressure is that of
Huuver at Aberdeen Proving Ground (Ref.
127}, In this method, the depandence of the
electrical conductivity of sulphur upon pressure
is used to meusure a pressure-time profile for
detonating Baratol. The measurements indi-
cat2 an initial pressure spike, and lend further
confirmation to the hydrodynamic theory pro-
posed by von Neum ..a and others,

Fig. 4-142 shows an experimental arrange-
ment of Joigneau and Thouvenin (Ref. 11),
and Fig, 4-143 shows the modified system used
by Hauver in obtaining pressure-time data. Ap-
propriate resistunce-capacitance (RC) circuits
are used for the messurements. They cousist
of a known resistor in series with the sulphur
transducer element. A constant voltage is
maintained across the combination, and the
potentiu]l drop across the resistor is recorded
with an oscilloscope. From this measurement
the resistance of the sulphur transducer is de-
termined, and is related to preasure by using a
suiphur resistance versus pressure calibrution
curve,

Fig. 4=144 s a schematic dizgram of the test
satup used to measure the transient pressure
pulse imposed by the impact plate. Hore, s
24ST aluminum plate iy driven by an explosive
to produce plane impact ou a 245T aluminum
target that 1s in contact with the transducer
sssembly. In the tests, 1/16-inch and 1/8-inch

Y‘n-

', m@#&\ R
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Figure 4-T142. Joignay end Thowenin E
Arrangement foc Determining Pressure-Time Deto,
Schemetic Disgram
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Figure d=143. Houver Exparimeniol Arrangement for
Determining Preisure-Time Dola, Schemalic Diagram

thick driven-plates wers used, and target plate
thickness was varied.

Fig. 4-1.46 shows he ocscllloscope rvsistance-
time records, towether with the corresponding
pressure-time profiles. For both 1/16” and 1/8”
thick driven plates, fiat-topped, pressure-time
curves are obtained with & 1/16” thick target
over the transduver, Small pressure variation,
along the top are attributed to impedance min-
match atill present in the tranzducer system.
As the target thickness lg increased, the pres-
sure pulse is reduced to a spike. The apike pres-
sure is reduced by further incroase in target
thicknezs,

The flat-topped pulul are not as wldo aN pre-
dicted by the theory if the hydrodynamiec sound
velocity is used. Also, the pulse is reduced to
s apike sconer than expeeted. Reduction of the
driven-plate thickness by vaporization at the

1/16 i AL Piate

Sulphur-Totion Assy.

Clreult Oucllioscope

Figure 4144, Transient Pressre Pulte Senp,
Schemotic Diegrom

4218

explosive-metal intorface was considered, but
way rejectod, becnnse o reduced thickness could
not account for botl. the observed pulie width
and the short trovel required for the rarefac-
tion to reduce the pulse to a spike. However,
by assuming that the pressure relief wave
travels with a velwity of approximately ten
millimeters per microsecond, the observed
pregsuve-time curves ave explained. In a recent
paper, Morluul has prédicted that a velocity
higher than the hyvirodynamic sound velocity
shuuld be pssocinted with presgure relief (Ref.
129). The plate Impact tests are interpreted to
show that the sulphur transducer foliows pres-
sure changes with good accuracy,

A preasure profile for detonating Barvatol was
valeulated from the first portion of the intere
face pressure-time curve, which is the portion
intorpreted to represent the reaction zone, The
following interface equation (Ref. 130)

Pa ‘Pl Dl*.'hna)
2pn b,

was used. In this eyuation, P, p, and D are pres-
sure, denaity, and shock (detonation) velocity,
respectively, In consistent units, Subscripts z

P,= {4-162)

20 \
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Figure 4~145. Ouilloscope Resisiance-Time kecords
with Corresponding Pressure-Time Profies
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and # refer to the explosive and aulphur, Fig.
4-146 is a plot of the pressure-tiine curve.

The pressure-time curve indicates the von
Neumann spike fullowed by the Taylor wave.
The indicated pressure of 190 kilobars iz not
the actual maximum. This initial pressure is
limited by the rise time of the conductance cir-
cuit, and by attentuation during passape
through the thickness of Tefion between the ex-
plosive and the sulphur. For mecasuring the
initial portion of the pressure-time curve,
0.005-inch thick Teflon insulation was used, A
6-mil Teflon front has consistently indicated a
preasure from 5 to 10 kilobars higher than that
measured with a 10-mil front. The curve indi-
cates a Chapman-Jougruet pressure of approxi-
mately 150 kilobars, although thia point is not
sharply defined. The accuracy of these preasure
values depends upun the accuracy with which
the interface pressure was estimated when the
sulphur was callbrated. The aluminum pressure
as determined by free surface measurcments
and the equation of state {a not in doubt, but
at present there is some doubt as to the exact
position of the Hugoniots for the materials in
the sulphur-Teflon systcm.

‘The use of sulphur as a pressure transducer
is not in a state of perfection, but the elimina-
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Fgure 4=~148, Pressure-Yime Corve for Boratol
Detgnotion
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tion of spuricus contributions to the conduct-
ance signal, better impedance match throughout
the system, and modified configurations for use
at higher pressures should achiove greater accu-
racy and usefulness.

4-154. Measurement of Detonation
Tomperaiure

Suitable methods for the determination of
the temperature in the dotonation front is one
of the most urgent needs in the field of solid
explosives. Although the messurement of this
parameter has been of active interest for some
time, the experimental determination of defini-
tive temperatures has not been very successful.

One method under examination (Ref. 131),
although it introduces a foreign material into
the explusive powder, provides an interval of
Ume conductive to sampling by one-megacycle
¢lrcuitry and views the detonation radistion at
the core of the charge in solid explosives.

The novel feature of this methud for sam-
piing the radiation, which is to be evaluated for
quality, ia the vse of a transparent plastic rod
imbedded axially in tho explosivc charge during
fabrication of the test pelict. The plastie
rod {methyl methacrylate) protrudes from the
end of the cylinder apposite to ths end that is to
be initiated. In this way the radiation is trapne-
mitted along the plastic rod. During the deto~
nation titne (3 usec., or more) luminoaity-time
records are made of the imbadded plastic rod.
Fiom these records, the radiation wavelengths
are determined, in order to compute the tem-
perature,

To date, most of the work on this method has
been devoted to recogmition of the idiosymera-
sics and deficlencies of the aystem; hence, only
preliminary data have been obtained.

4188 Mash Rediegraply of Shaped Charge
Effech

Flash radiography is geterally accapted as
being the best means of obtaining direet pic-
torial presentation of the dynamic performance
of shaped charges. Optical methods (although
useful in other studies of detomations) are not
altogether suitable, due both to the lumines-
cence of the obiect and to the checuring of the
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view by the material given off by the jet. In
addition, optical picturea often required inter-
pretation; but flash radiographs give a direct
picture of the material in front of the film. The
low-voltage, X-ray method (24 kv, compared
to 100 kv) that has been developed produces
softer X-rays (Ref, 132), The system conaists
of a simplified low-veltage, X-ray. pulse-gen-
erator circuit, and a method of protecting the
X-ray tube and film,

Particular advantages acerue from the use
of low woltage. Of prime importance is the
ability to get greater detail from objects of
small size or low denasity. The breakup of a jet,
for inatance, taken with high-voitage X-rays,
may be lacking in detail due to the traus.
parency of the smaller particles of the jet to
the X-rays. Likewise, materinls of low atomic
nunber such as aluminum, which would be
almost transparent to high voltage X-rays,
show up quite well when the voltage is reduced.
The low.voltage, tlash, X.ray equipment is
lightweight and relatively simple.

The low-voitage, flash radiography was
originally developed to {uvestignte the jets
from 105-mm, steel-cased rounds, To reduce the
penumbra effect (to form a sharp image and
improve definition) the film-tn-jet distance
must be made us small as possible. Making the
tube-to-jet distance large will also improve
definition, but the X.ray intensity will fall off
as the inverse square of the distance. In prac-
tice, the film-to-jet distance is of the order of
€ inches, and the tube-to-jet distance is of the
order of 74 inches.

4=14. INITIATION AND OETONATION

4141, intreducton

In preceding paragraphs, detonation has
been discussed without defining the phenom-
enon. It consists of a self-sustaining, very-rapid
chemieal reaction which, on proper initiation,
propogates through an explosive, converting it
to largely gaseous products and liberating a
considerable amount of energy. The process of
initiation of detonation is of conaiderable In-
terest, since most explosives can react to ex-
ternal stimulus in other ways than by detonat-
fug, L.e., they can deflugrate or burn, with these

4-220
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processes occurring at much lower rates than:
detonation. Detonation of a military explosive
cannot be normally caused by merely lighting
it with a match. while detonation can be caused
by a sufficiently intctise shock. A somewhat
more technical discussion of initiation and de-
tonation foilows,

A detonation wave, s it passes through u«n
explosive, must initiate the explosive reaction
in every layer of uncxp'oded material that it
traverses (Ref. 133). Several thcories have
beea aset forth as to the methed of initiation of
the reactiva. These include hypotheses such as
the defurmation of molecular groupings, high
pressures, and direct action by the reaction
products which move along with the gas stream
velocity.

The most widely accepled view is that initia-
tion of the reaction at the shock front is mainly
due to heuting. In degnssified liquids and
homogeneous solids which detonate at velocities
which are higher than the local speed of sound,
the shock front, no doubt, produces a thermal
rise at the detonation front suflicient to sustain
detonation.

Work has also been performed on the origin
and propagation of explosions initiated by
mechanical meana in small quantities of ma-
terial (Ref. 132). These studies have demon-
strated that initistion in caused by the forma-
tion of hot spots of finite size in the explosive
material. Effective. hot spots may be produced
either by boundary friction between solids of
high melting point, whether the solids are ex-.
plosive or contaminant, or by adiubatic com-
pression of minute gas or gus vapor pockets
trapped in the explosive during manufucture,
Extremely high temperstures can be achieved
in the gas pockets by such compression.

4=146.2. Thermal Considerutions (Ref. 134)

The conditions for Initiation of detonation
must cause detonation when it is wanted and
prevent It when it is not wanted, Many
methods have been designed for the study of
these conditions. Among them are tests of
senwitivity to impact, iriction, heat, spark, and
other forms of electrical discharge, boosters
of various types, sympathetic detonation
through condensed medis and air, and shock
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and heat sensitlvity as a function of {mpurity
content, grit, etc.
" The initiation of detonation is a complex

" heat balance problem, although for simplicity

it may be expressed as the equation:
F+G=H (4-163)

where F accounts for heat loas, G for accumula-
tion of heat in the explosive mixture, and } for
chemical energy menented by decompuosition of
the explosive,

Even this upproximate equation can only be
solved for the degenerate cases; i.e., isothcrmal
and adisbatic decomposition. Although these
cases are treated in considerable detail in Ref.
136, their interest lics chiefly in their difference
from high order initiation, therefore, they will
not be further discussed here.

4=14.3. Detonation Theory

The following analysis of detonation theory
{s based on a oneslimensional, detonation wave,
to gain a clear insight to the mechanisms of
detonation, and to predict the pressure, specifie
volume, mass flow rate, and detonation velocity.
{Ret, 137),

It is assumed that the detonation wave
moves acress the explosive in the direction of
the negative X axis, The exploaive is confined
by some cylindrical boundary which is assumed
to be absolutely unylelding. {This may even be
applicable to an uticonfined stick of explosive,
because the great velocity of the detomatinn
wave, ig., the brevity of the availsble time
interval, makes the inertia of the solid ex-
plosive itself act as & confinement.)

Assuming the detonation wave has reached
the stage of constant velocity D, the origin of
the X coordinate at every moment is taken at
the detonation front.

The detonation wave is assumed to be at
rest, in this example. This means that the in.
tact explosive has the veloeity D with respect
to, and directed toward, the fixed detonation
front. Therefore, for

U’ G b ¥ anSRoREp—

Detonation End of e
Front Rauction Zore
intuct Reection
Explosive Zove Surrt Gesos —
0 P P

Figure 4=147. General Siale of Explosive Reaction

the velocity of matter is u=u(X). The fraction
expressing to what extent the chemical reaction
has taken place at X>0 i w=n(X);
12n(X} >0. (At X>0, a unit masa contains
n parts of burnt gas and 1= parts of intact
explogive.) During the tine d¢, the matter in

thiy region moves by dX=wdl. So if the
reaction velocity is e=«(X),

dn (i—n)e

w {4-164)

Finally, at every point X <0, the same physi-
cal conditions exist, for example, pressure 3.
and specific volume V.. These describe the in-
tact explosive. At every point X>»0, there
exists & pressure p=p(X) and a spedﬁe
volume V=V (X).

The nature of the chemical reaction iz ex-
pressed by a functional relationship

a=A(npV) {4-166)
where A(np,V) is sssumed to be a known
function. The stability of tha intact explosive
requires that

A(0p,V) =0, {4-166)

The nature of the explosive and its mixtures
with the burnt gas will be expressed by its
caloric equation for each ; 0Sn <1, The fune-
tional relationship determining lts futernal
energy per unit mass ia

exB(npV) (4-167)

where E(n,p,V) is assumed to be & known
function.

X<0 .

the velacity of matter is D, aud for From the laws of couservation, them, for
X)o Dl’v.' "I‘V (‘_1“)
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plD=-u)=p~p. (4-168)

. and for energy,

u(1/2D0--E{0.p,V.) =~ 1/20~E (n,V))]
=up=Dp.. (4-170}

Eqs. 4-168, 4-189, and 4-170, togethe with
Eqs. 4-164 and 4-165, determine all of the
parameters, where ¢ {8 the amount of matter
croasing the detonation front per swcond (ie,
the amount of matter detonating per second).
Eqs. 4-168, 4-169, and 4-170 are transformed
into

P"pc o
Vs V {(+171)
l/2(p.+p)(‘l'. V) =E(0,paV.) ~E(np,V).
{4-172)

Plotting Eq. 4-171 for some n, results in the
Rankine-Hugoniot curve shown in Fig. 4-148,
together with the point p. V.

The Rankine-Hugoniot curve is drawn with
the tangent from the point 2,,Y, to determine
the p,V', conditinna at the n** stage of the chem-
jcal reaction. ‘This also gives

P=Pe
V.-V (4-173)
and , )
P
D=V.yy—7 (4-174)
w=V J =2 (4-175)

This is also valid for the case =0, in which
case the equations describe a .condition under
which & discontinuity can exiat in the aub-
atance, without making use of sny chemical
reaction at ail. This phenomenon ls particu-
larly important in guses and in lquids. 1t is
known as a shock wave, and is an essential
component in the theory of a detonntion wave.

With the tangent drawn as shown in Fig. &

148, (p>paV <V, hence u<D), the burnt gases
are carried along with the detonation wave,

(P V]
v
Figure 4-148. Ronkine-Hugomiot Curve

and their denaity and pressure are higher than
those in the expicsive. This is detonation
proper.

For the tangent drawn in the other quadrant,
where

P<p., Y>>V, hence u>D

the burnt grses are s.reaming out of the explo-
sive; their density and pressure are lower than
thost in the explosive. This is the process com-
monly known ss burning.

The classical theory of detanstion is based on

the Chapman-Jouguet hypothesis,

D=u+a. {4-176)
This is cquivalent to drawing a tangent to the
Rankine-Hugoniot curve, a=1,

For certain forms, aa shown in Fig. 4149, of

|P°. VJ nad

v
Figure 4-149, Mugoniot Curves, Poreliel
Characterisics
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the family of curves n; 0<n <1, the Chapman-
Jouguet hypothesis is Lrue,

However, for families of curves of n; 0<n<1,
as shown in Fig. 4-150, the tangent from
{P..V,), must be drawn to the envelope instead
of the curve n=1,

Further discussion, with more detail, on the
understanding of the elementary theory of the
steady plane detonation wave is given by Tay-
lor (Ref. 133). More rigornus analyses are
given by Couvant and Friedrichs (Ref. 138).

417. WAVE SHAPING

4=17.1. Introduction

Wave shaping is of great importance in many
modern explosive-actuated devices, as well as
in fundamental studies of explosive phenom-
ena and impulse londing (Ref. 139). Shaping
the front of the detonation wave to impact the
target in a predetermined way is one important
problem for successful wave shaping. A faclor
of at least as great importance, because wave
shaping is used principally in the impuise load-
ing of targets, is that of regulating and con-
trolling the integrated pressurc-tima pulse or
total impulse loading upon the target, at each
element of ita surface.

The shape of the wave front can bw easily
observed by atreak photography or pin tech-
niques, but the determination of the nature of
the pressure-time pulse is & far more difficult
problem. The experimental method for its
study, at present, is the direct observation of

4-150, CM.
Fgure Hugoniot Nonparaliel

the rate of aceeleration and t'e lerminal veloc-
ity of each element of the tanget (and the com-
pressions and ! ‘nsiona st ap in the tirget, if
they can be determined). For example, see
Hauver's method, Pov, 4-15.3.3, preceding.

4=17:2. Shaping o’ the Wave Freut

The shape of the wave front may be regu-
lated by a variety of means, including the appli-
cation of one or more cumbinations of the
following:

1. Wave interrupters, which require the
wave to go around the mterrupter. In
general, these are inert fillers uf such
thickness that the shock wave emerging
from the filler is too low in Intensity to
reform the detonation wave,

2. Two explosives of appreciably different

detonation velocitiea. -

Low order detonativa.

4. Density and composition variations in
the explosive.

5. Transfer Jenses.

6. Air and/or inert fillors of such thickness
as to mercly deluy the wave, byt not com-

3
.

Dletely deatroy it. (Actually, this type -

will alsc act as & wave interrupter most
of the time, but the shock wave emerging
from the inert medium is of such intensity
as to cause eventual reformation of the
detonation wave, after & time lag.)
Perhaps the most satisfactory and useful
method of wave shaping is the last type de-
scribed. This type (Ref. 140} has been used in
a “cylindrical-wave” initiator (Fig. 4-151).
The initiator consists of a double-tapered steel
core, loaded witn cast 50/60 Pentolite, and
fitted with an M36 detonator, an air gap, and
& cylindrical 61T aluminum slesve. A 1/2 inch
layer of Tetryl surrounds the sleeve. This ini-
tiator has been used with satisfactory results,
producing cylindrical detonation waves, in test-
ing beth shaped-charge and continuous-rod
warheads,

4173, Geometric Opties

The shaping of detonation waves by slow ex-
plosives, shocked media, and transfer plates can
be analyzed by the use of geometric optics (Ref.
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Figure 4=151, Cylindrical Wove Initistoc, Schematiz Diagram

141), The simplest analogy would be that of an
optic lens. A detonation in a fast explosive
could pass, after some distance of travel, acrosa
a plano-convex or double-convex lens made of
slow explosive, and could then pass back to the
high velocity explosive to give a wave which is
plane, convergent, or divergent (Fig. 4-162).
All lens laws would apply as long as the proper
index of refraction is used. In using a lens for
shaping detonation waves, it is desirable that
a minimum amount of explosive be used in the
unshaped region. This is the same as soying
that lenses of very small f numbers are most
desired (f numbers, as in optics, can be defined

Slow Expiosive Lens

Piens Wave
ya

Divergert Wave
/lln Explosive Lene

Comvergant Wave
Figure 4-152. Optic Anclogy of Shoped
Dstongtion Wave -
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as the focal length divided by the diameter).
The amount of explosive in the unshaped re-
gion can be minimized by reducing the bound-
ary from a spherical surface to a conical sur-
face, The ceater of initiation then must be the
apex of the cone (Fig, 4-163).

If it is desired that the center of initiation
be removed a smasll distance from the boundary,
the interface becomes a hyperbols. A possible
variation is to place tho plane surface of the
slow explosive st the detonator side, and to
shape a second boundary where the detonation
passcs back from the slow expiosive to the fast
explosive, as shown in Fig. 4-164.

The shapbk indicated by Fig. 4-158 has a
lower height of slow explosive than the shape
shown by Fig. 4-154; therefore, it is more effl-
cient. In the cone model, the height of slow
explosive is given by

{4-117)

h=r/tane
where tane=yn'—1;n=V/V,,  (4-1T8)

Figure 4-153. Apex Detonation
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Figure 4~154. Hyperbolic Wase Shaping

V.=the propagation velocity in the slow
niedium,
V,=the propagation velocity in the fast
medium,
and n=the index of refraction.

In the tranafer or air lens, the equivalent of
the single line boundary can be approximated
as a flat metal plate of constant thickness. If
the metal plate is flat, like the first boundary
of Fig. 4-154, and the detonator is removed a
small distance from the boundary, the second
surface beccmes approximately parabolic. If
the second surface is flat, as in Fig. 4-163, the
transfer plate of constant thickness approxi-
mates a hyperbola. In the limit for very lurge
u, the height, A, approaches »/n. The ratio A/r
for a Baratol Composition B lens is about 0.8,
whereas the ratio for a satisfactory NOL type
tooster is about 0.12, a sizeable reduction.

4=18. ILECTRICAL PROPERTINS

4=lL1. Introduction

Combuation flames and gaseous detonations
contain ions and free electrans capable of in-
fluencing the propagation of the detonation
waves through external magnetic and electrical
fields. Experiments have shown, for instance,
that spinning detonation wsves traversing
longitudinal magnetic flelds can be significantly
reduced and even completely quenched (Refs.
186 and 142). Transverse fields, on the other
hand, have little or no influence on the propa-
gation of the detonation wave,

The pitch of the spinning detonation can be
increased slightly by pessing from positive to
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negative in a magnetic field. However, in going
from negative to positive, the spin can be com-
pletely interrupted, causing the wave speed to
drop abruptly, but to rise again beyond the
positive termina! of the electrical fleld. Inas-
much as a flame in s uniform electrical field
always bends toward the negative electrode
{Ref. 143), it can be concluded that the particle
motion, W, i3 accelerated toward the negative
electrode and away from the positive electrode,

These definite experimental results occurred
with explosives at the detonation throshold,
where small influences are believed to have an
rppreciable effect. If the detousting gas sys-
tem is not a threshold one, the external applied
flelds have little influence on the detonation
velocity.

4-18.2. General Theory
Significant investigations of the mechanism
of electrical conductivity in gases ionized by
explosions have been porformed by Birk, et al
(Ref, 144), who started with general principles
and later, by checking the recults, declded
which factors were important and which as-
sumptions were justifiable.
To begin vnth. the current flowing bot..voen
two electrodes in an ionized medium is
I=j-3 (4-179)
where, ina eonlilw'atntol units,
j=the current density,
#=the cross sectional ares,
and
§ a=the scalar product.
The current demaity vector, j, is given in its
general form as

-

§=3n, &0, (4-180)
where
n,=the number of charge carviers of type s,
per upit volume,
¢, =the carrier charge,
and
¢.=the carrier velocity.

The factor ¢, is equel to the charge of the
electron, because at the temperatures involved,
the poasibility of double ionization is amali, The
state of the gas determiines the number of
charge carriers, n,. Assuming a state of equi-
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librium, with equipartition of energy for the
various particles such aa jons, molecules, and
electrons, the number of charge carriers may
Le calculated by
«/(1—a?) =[(kT)*/p] [(2am/h?)*/*]pt AT
{4-181)
where, in a consistent set of units,
aywthe ratio of ionized particles to the total
number of particles,
&= Boltzmann’s constaut,
T=the absolute temperature,
n=the pressure,
m=the mass of the electron,
A=Planck’s constant,
and
U,=the ionization energy.
The values of p and T can be calculated from
the measured velocities of detonation and of
ahock waves.

Using Saenger's theory (Ref. 144), the en-
ergy from the detonation wave is at first trans-
ferred to the undisturbed gas as a uniform
transiational energy. Within the first ten
molecular collisions, the average molecular
velocity is equal to the translational velocity.
The molecules with a kinetic energy equal to or
higher than their ionization energy become
jonized, and their number is given by the ex-
pression

1(2)3

m=tlu number of fons per cu em,

nq=the number of molecules per cu em,

¢, =the average ve'scity corresponding to
nd the energy of ionization,

¢;=the average t~ansiational velocity.

1t is moat difficult to estimate ¢,, which is the
nvenzs velocity of the charge carriers. The
factor ¢, deperids on numerous quantities, such
as the mass velocity of the gas, the field
strength, the mass of the particles, and the
gradients of pressure, temperature, and con-
centration. This velocity may be divided into
two components, the mean mass velocity of th
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gas, ¢, and the mean velocity of the charge
carriers relative to the gas, ¢, Neglecting grea-
dients of pressure, temperature, and concentra~
tion for simplification,

a=KF (4-183)
where
K,=the mouility of the charge carriers,
and

E=the fleld strength.
Neglecting the effect of mass flow, Eq. 4-180
may be written
i=neK,E (4-184)
where
K.=the mobility of electrons,
ne=the number of electrons per cu cm,
and
e=the electron charge.
The mobility of the electrons is #iven by the
expreasion
K.=0.921 a2/ vm[kT + [k-T*
+ (A *'MX'e*/1.33m) J 1] 1s
(4-185)
where
A=the mean free path of the electron,
M=the mass of the gas molecule,
and
X=the flald strength.

Eq. 4-185 gives the mobility of the electron

in the detonstion zone of the order of 107

cm/sec per V/em. In sir, the mobility increases

from 10* to 10° em/sec per V/cm by increasing

the distance from the charge from 3 to 15 em
For small degrees of jonization the

cal conduetivity of the gas is approxima

given (Ref. 146) by the expreasion

3=constant L P hald
- ar (47488)

where

p=the density of gas, /

¢y =the first lonization potential of

Probe experinients indicate that at Y t!ven
initial demsity the indicated conduitivity, 3,
varied exponentially with temperature for
small degree of fonization. However, the indi-
cated conductivity has been meas as low s
1/1,000 of theoretical value,
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Theories of electrical ‘conductivity in gases
kave been developed for two extreme cases. One
case {5 concerned with a very slightly ionized
gus, where the cluse encounters between the
electrons and the neutral atoms decide the elec-
tron mobility. (Refer to Par. 4-18.3, follow-
ing.) The other case is concerned with a com-
pletely ionized gas, where the distant encoun-
ters between the ions predominate, (Refer to
Par. 4-18.4, following.)

For an intermediate case, the following ap-
proximation is used,

1 1.1

—3—8-‘—.4'-—- .
In Eq. 4=187, 1/, denotes the electrical re-
sistivity entirely due to close encounters be-
tween electrons and the gas molecules and posi-
tive ions; 1/3, denotes the resistivity due to dis-
tant encounters between olectrons and poaitive
ions; and 3 denotes the resultant conductivity
of the gas.
Electrical resistivities (Le., the reciprocal of
conductivity) are given for several explosives
in Tsble 4-31.

&=iL1. Theery for Slightly lonised Gus

The electrical conductivity of & slightly ion-
ized gus assuming rigid elastic spherical mole-
cules is

{4-187)

$=0.582 i :

manA g, W8
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where, in a consistent set of units,
a=#n,/my, which is the degree of ionization,
s=the electronic charge,
m,=the mass of an electron,
and
Q,=the electron-atom collision croas section,
For & slightly jonized monatomic gas, the de-
gree of innization e at equilibrium is
T
_G -‘_-)l—h- c-q.lif
Eqs. 4-188 and 4-189 show that, when the
degree of ionization is low, the electrical con-
ductivity varies exponentially with tempeca-
ture, while its dependence on pressure (or
density) is small. The conductivity is very sen-
gitive to those impurities which have lower
ionization potentinl than the gas.

4=13.4, Theory far Completely lonized Gus

The electrical conductivity of a completely
singly fonized gas (i.e., sach gas atom has been
ionized once) is given by

- 0581 (kT)
m, etln{h/h,)

where, A is the Debye shislding diatance in the
plasma, and is given by

(4-189)

(4-190)

(4-191)
while, b,, the impact parameter at which a posi-

h’ B——:

TABLE 4-31. RESISTIVITY OF SEIVERAL IXPLOSIVES (Ref, Y46)

Density Average Grain Diameter Resistivity
Explosive {g/cc) {em) (olu-cm)
PETN 001 0.086 118
RDX 10 0.06 - 1.26
Tetryl 10 0.07 L.10
EDNA ' 0.98 0.936 240
Fine TNT 080 0,042 2.08
Coarse TNT 1.8 028 278
§0/20 AN-TNT 10 0.041 (AN) 285
Cast TNT 1.57 — 293
Composition B 169 — 256
-!un-. 4227
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tive ion deflects a mean-energy electron by 30
degrees, is defined as ¢*/* k7.

The above theories show that for a com-
pletely ionized gas, the electrical conductivity
is approximately proportional to the 3/2 power
of the temperature, and that it changes very
slowly with ion concentration density (through

" the logarithmic term). Moreover, it is inde-
pendent of the nature of the gns.

419, RAREFACTION WAYVES

4-11.1. IntroducHon

A rarefaction wave is defined as a simple
wave in which the pressure and density de-
crease upon crossing the wave; if the pressure
and density increase, the wave is called 8 com-
pression or condensation wave (Ref. 138). In
the following discussion, the analogy of a pis-
ton moving in a gas which is initially at rest
is used to describe the rarvefaction wave.

If the specified piston either r cedes from
or advances into the gas, not all parts of the
gas are affected instantaneously. A “wave”
proceeds from the piston into the gas, and only
the particles which have been reached by the
wavc front are disturbed from their initial
state of rest. If this wave represents a con-
tinuous motion, as is always the case if the pis-
ton recedes from the gas, the wave front pro-
greases with the speed of sound, ¢, of the un-
disturbed gas. If the piston moves into the gas,
the situation may become more complicated
through the emergence of a supersonic discon-
tinwous shock wave. In this dircussion the
concern is with continuous wuve motion
produced by a piston; such & wave motion is
always a simple wave (Fig. 4-155).

Distinguishing between expansive (rarefac-
tion) and compressive (condensation) mntion,
consideration is first given to the expansive
action of a receding piston, assuming that the
medium is a gas originally at rest with con-
stant density p, and sound speed ¢,. Further-
more, it is assumed that the pistca, originally
at rest, is withdrawn with increasing speed,
until ultimately the constant particle veloecity

4-228
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Symbola Subscripts
? = Density 8 = Burre Gos
P = Pressurs 0 = Undisturbed Gas -
C = Sound Speed + =Forward Wave

- = Bockward Wave
Figure 4=155. Simple Wave Region (ll], Connecling
Two Regions (I and i} of Coﬂmnt

State (mUp<ld, :._—-‘-c
I —

Us<O is attained. Then the “path” P in the
(z, t)-plane, which represents the piston mo-
tion, bends backward from the origin O to a
point B, where the slope [/, with respect to the
t axis is reached, and then continues as a
straight line in the same direction as shown in
Figs. 4-155, 4-156, and 4-157,

4=19.2. Escape Speed, Complete and
Incomplete Rarefaction Waves
The above construction is to be modified if
the final piston speed exceeds a certain limit.
The reason is that the law of rarefaction ex-
pressed by u=i-], becomes meaningless as
soon as |U,| <1, because [>o. The quantity L
is, therefore, called the escape speed of the gas
originally at rest. For polytropic gases

L= —-—C
y=1
where y i3 the ratio of specific heats,
If ~u, reaches the escape speed, the rare-
faction thins the gas down to density zero;
pressure and sound speed are likewise de-

(4-192)
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Figure 4-136. Rorefaction Wave Just Ending in 0
Zoons of Covitation (—LUy> 1.

creased to zero. If a rarefaction wave extends
to this atage it is called a complete rarefaction
wave because it ends in & vacuum.

Generally, a piston receding at constant
spesd from a gas at rest causes a rarvefaction
wave of particles moving toward the piston at
the head of the wave. This rarefaction wave
moves into the gas at sound speed ; the velocity
of the gas is zevo. Through the wave, the gus
is accelorated. If the piston apeed, —U,, is be-
low the escape speed, L, the gas expands until
it has reached the speed — U, of the piston, and
then continues with conatant velocity, density,
and pressure. If, however, the piston speed ex-
ceeds the escape apeed, the expansion is com-
plete and the wave ends in a z0ne of cavitation
between the tail of the wave and the piston. In
any case, the wave moves into the undisturbed
gas, while the gas particles move at increasing
speed from the wave head to the tail; i.e.,, from
sones of higher pressure and density to zones
of lower pressure and density.

The disturbance in the gas resulting from
the motion of the piston is propagated
into the undisturbed gas with sound velocity,
¢ corresponding to the state (p, ».) of the
undisturbed gas. This follows from the funda-

mental fact that the domain of dependence of

the zone 26t is the positive part x>0 of the
z axis, so that there the initial state of rest

613322 0-83~23
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Imaplies a constaut sixte of rest. (The domain
of dependence for a point of this region iy oh-
tained by drawing the characteristics C+ and
C~— through it, to their intersection with the
axis). The flow resulting from: the motion of
the piston is thus confined to the region 2<c,t.
Because this region is adjacent to & region of
constancy, the flow in it is a simple wave,
Evidently, it is a forward facing wave, because
the gas enters this region from the right. In
this region, therefore, u—i=—/, is constant.

Along the path z=X(i), the gas velocity
agrees with the piaton velocity z=X(f)=
U, (2) ; therefore, the density p, and hence pres-
sure, p, and sound speed, ¢, are datermined
from l=1,+7,(1), becase di/dp>0 and dp/
dp>0. The slope u+c of the straight charac-
teristics issuing from the piston path iz like-
wise determined; hence, the situple wave is
determined as a whole, Because the pisto. was
assumed to be withdrawn and its velocity U,
decreases. density and pressure ulsc decrease
across the wave. Thus, the wave is a rarefac-
tion wave, Also, the velocity dr/dt=x+¢ of
the forward sound waves changes in the same
sense as the gas velocity «. Therefore, because
the velocity « and, hence, u+c¢ decrwass, the
straight characteristics issuing from the piston
curve fan out.

Figure 4=157, Rovelection Wove Exding in ¢
Zone (M) of Covitglion [~=liy>l}
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#=113. Coniered Rarefoction Waves

4103.1. Geserel

Of particular {nterest is the case in which
the acceleration of the piston from rest to &
constant terminal velocity Uy takes place in an
{nfinitely amall time interval; ie., instantane-
ously. Under these conditions, the fumily of
characteristics C+ forming the simple wave
degenerate Into 8 peneil of lines through the
origin O: 2=o0, t=0 (Fig. 4-168). In other
words, the simple wave has degenera‘ed into &
centered simple wave. It In clear that such a
centered simple wave is & ravefaction wave, for
n decreases on crossing the wave. if it is for-
ward-facing, and increases if it ia backward-
facing. In both cases p and p decrdase across
the wave; therefore, it is a rarefaction wave.

At the ceniter O, the quantities u, p, p 28 &
function of ¥ and ¢ are discontinuous, but this
discontipuity is immediately smoothed out in
the subsequent motion,

41932, Explicit Fermulus for Contored
Rerelection Waves
A centered simple wave may be described by
the equaticn
zm(ut+c) t (4-198)
in which
u=l~], (4-194)

may be considered a given function of . In-
versely, 4 and ¢ may be expressed in terms of

Figws 4-158. Cantered Rorefaction Weve (U<l

x+¢, and thus in termw of z/t. For a m-

tropic gas, the relations
mpGt(1=4)C,  (4-156)
and
U=(1- ')(-’-f--c.) {4-196)
where '
;.=~_-.;-+—: (4-197)

give the distributions of U and ¢ in a centered
simple wave explicitly.

The solutions of the differential equations
given in Courant and Friedrichs (Ref. 138)
ure,

P
z=- (,—’-I)c.tﬂ"c.t.( o )

{4-198)
for the particle paths, and
am— (n"-l)cofﬂ"o.t.( = )“""
*7 (4-199)

for the cross-characteristics, where ¢, is the
time at which the particle path or the cross.
characterintic begins at the line x=e,l.

4=20. INTERACTION WITH THIN INIRT
MATERIALS

4=20.1. Intreduction

The dynamics of intsraction at u metal-ex-
plosive ‘nterface have been discussed theoret-
{ezlly in considerable delail in Ref, 147, where
statically obtained compressibility dats s ex-
trapolated and the pressure at the interface, as
viewed from within a steel plate, is determined
to be about 280,000 atmospheres, The initial
velocity of the surface of a steel plate wonld he
about 2,300 ft/sec. Comparabie figures for lead
are 270,000 atmospheres and 2,600 ft/sec. It
is apparent from these data that the effect of
explosions may be equivalen} in certain re-
spects to that of physical impacts in the order
of 2,000 to 8,000 ft/sec. (Ref, 148).

The resction of the metal to the explosion
may be summarized as follows. Firat, near its
surface, the mets. is initially cseverely com-
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pressed under the action of the high pressure
of the explosive. This compression may be as
much as 30 par cent. Second, on the sudden
releas: of the preasure the surface will, of
course, evetitually return to a stress-free condi-
tion., The metal, however, may have suffered
severe permanent deformation. Third, a dis-
turbance will be set up in the body. The dura-
tion of the disturbance will be s few microsec-
onds, 80 that the length of the pulses in the
common metals will be a few inches. The dis-
turbance of the metal will appecr as & sharp-
fronted, transient wave whose propagation can
be described approximately by known laws.
Experimental work is described in the follow-

ing paragraph.

4=20.2. Experimants

Plane-wave explosive systems are em-
ployed to determine the equations-of-state of
various homogeneous metals at higher pres-
sures. An explosive is detonated at one end
of a metal apecimen, and the shock wave is
transmitted through the specimen to a plate
at the other end, giving the plate some initial
velocity. A photographic method is used to
meastre the velocitien associated with the
shock wave in each specimen.

Pressure and specific volume data can be
obtained by the equations of conservation from
the messured velocitiew. From the experimien-
tal curves, a more compiete high pressure equa-
tion of state can be computed, The Mie-
Gruneisen theory and the thermodynamie vari.

-y

are used in extending the equation of state by
solving the Dugdale-MacDonald relation (Ref.
149).

A typical shot assembly used by McQueen
and Marsh (Ref. 149°*) to determine the equa-

(4-200)

* As indicated by the reference, mimtedial had been
from the work of R G. McQunen and 8. P.

March, “Equation of Rtate for Ninstesn Netsllic Fle-
ments from Shock Wave Messurement o Two Llega-
Iln::;.” Journal of Applied Phyvics, Vol. 31, No. T, July

tions of state of the metallic elements is shown
in Fig. 4-169. In such a setup, amall test apeci-
meus are mounted on the free surface of the
brass target plate, and the shock wave velocity
for each specimen and the shock strength in the
brass are measured. These data determine the
(P, V, E) state behind the shock wave in each
specimen.

To avoid errors caused by rarefaction waves
originating at the explosive-driven interface,
the maximum ratio, R, of target thickneas (in-
cluding the specimen) to drive plate thickness
is expressed as

oo+ (2o (2)]

{4=201)
where, in a consistent set of units,
e¢=the sound velocitv behind the shock
wave,
P =the ratio of Consities across the
# shock front,
and
U,=the shock wave velocity.

The subscripts, 4, and ¢, refer to the driver and
target plates, respectively.

The transformation of measured velocities to
prea~ure-compression points is accomplished by

"° "‘—l L—L:m

Mwnd-!”. Profile of o Typicol Shot Assembly
4-281
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maethods uzing the Rankine-Hugoniot relations
for the conservations of mass and momentum
acroas a shock front.

V/Vone (U=U,) /U, (4-202)
and
Plr-—"Po U- Up'*'Puu ("‘203,
where
P = pressure of undisturbed state ahead
of the shock front,
Vae=apecific volume of undisturbed state
ahead of the shock (ront,
P,=pressure for the state behind the
shock front,
Veapecific volume for the state behind
the shock front, .

~and

U,=ls the shock particle veloeity.
One tronsformation method reasons that

Un=U,+U, (4-204)
snd approximates

U,=U/2 (4-205)
where

U,,=the free surface velocity,

U,=the particle velocity, due to the cen-
tered rarefaction wave relieving the
pressure.

Eqs. 4-204 and 4-205 are combined with

' EBqs. 4-202 and 4-203, and measured values of

U, and U}, then determine the pressure-volume
points of the Hugoniot curve. The experimen-
tal data is plotted and fitted by the equation

U=C+8 U, (4-208)

The experimental results transformed by the
Rankine-Hugoniot become

Py=C/(V.~V)/[V~S(V,-T)]*

. . (4-207)

Vo W ad i

-

and

| E.=E.+-2-{C(V.-V)/[V.-S(V.-V)J}

(4-208)

* where P, and E,, ure, respectively, the pressure

and internal energy on the Hugoniot, and
and S are constants, The Gruneisen ratio y is

y=V(Py—=P)/(Es—E)) (4-209)

where the subscript / pertaina to the properties
oh an isentrope, and is obtained by using the
Dugdale-MacDonald relationship

V aHPV®) a1

24PV AV 8
(4-210)

From known specific heat and thermal ex-
pausion data, & complete (P, V. F) equation of
state can be obtuined with y (V) and Egq.
4-209. McQueen and Mursh (Ref. 149) list
experimentul data of values of C and § for
nineteen metallic elements, from which equa-
tions of state of the ¢lements can be calculated.
Walsh, et &l (Ref. 33), reproduce similar ex-
perimental data for 27 metals by analytical
fit of the form :

Pu=Au+Bur+Cp

yulV)=—

{4-211)

where '
s=pln=1m (Veu/V) =1,  (4-212)

The constants 4, B, and C are listed in tabu-
lar form, and from the conservation of energy

Eu-Euu=%(Pu +P,) (Vau=V)
Ey=Eu=(Ap+Bp+Cu*) /2p(n+1) .
A (4-213)
Here, Eqs. 4-211, 4-212, and 4-213, with the

tables, provide all the thermodynamic data ob-
tainable by the shock wave mensurements,

Section V (Ul—-List of Symbels, Refersnces, and Bibllography

4-21, LIST OF SYMBOLS d diameter of shell casing - {in)
e fragment dimension between d horizontal range; depth (ft, yd)
planes of rupture (n) & carrier charge
] velocity 4 order function
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Planck's constant ,~  duration of negative phase (sec., min)
A height of burst (tt) Dy  diameter of rupture zone (£t)
) current density Da tissue dose (Rads)
! k Boltzmann's constant Dy diameter of true crater S ¢ {4)
i " mass D(4,) static fragment density, number of frag-
' sy wave length {millimicrons) ments per steradian
" exponent B internal energy per unit mass
" {ndex of refraction E field strength
n, number of electrons per cu cm E, internal encrgy of explosive
n number of fons per cu em B energy density (noted)
N number of molecules per cu cm AE,  Arrhenius conatants
", number of charge carriers of type s per a¥ free energy of reaction
unit volume H Mach stem helight (ft)
Ne number of fragments per given interval X, depth of apparent crater (fe)
of & H, helght of crater lip (ft)
P pressure H. depth of true crater {1t}
P ambient fluid pressure before AH  heat of activation
blast (pal) radiation intensity {noted)
q heat of explosion retained by the gases /¢ positive overpresanre impulse
after the work process i negative overpressure impulse
Q first lonization potentiul of the gas 1 positive dynamic impulse
r roentgen L~ negative dynamic impulse
r radius ) K Boltzmunn's conatant
4 cross sectional area K, mobility of electrons
¢ time (sec.) K,  mobllity of charge carriers
] thickness (in) KE energy per unit length (ft-1b/in.)
gy o velocity (ft/sec.) kv specific reaction rate constant .
. w welght of explosive (Ib, ton, KT, MT) length of shell casing {in.)
. z thickness (noted) A  mass (slugs, groms)
< z distance (ft) M, conslant (as noted)
= x velocity (ft/sec) N number of fragments
T A constant (asnoted) N neutron dose (noted)
. A cross sectional area (sqin,sqft) N,  corstant (as noted)
l A Arrhenius constants N: thermal neutron flux (neutrous/sq cm)
- A wave length (Angstroms) N,  neutron flux above Uranium
| B maximum naterial stress threshotd {neutrons/sq cm)
’ before rupture (lb/sqin) N, neutron flux sbove Neptunium
! B(z) rvadiation build-up factor threshold (neatrons/aq em)
I C heat capacity Np;  neutron flux above Plutonium
{ C mass of explosive charge (slugs) threshold (neutruns /sq cm)
C,  constant (asnoted) N,  neutron flux above sulphur
C drag coeflicient threshold (neutrons/sq om)
C,  speed of sound (ft/sec) p thermal power (cal/sec.)
b slant range (noted) p pressiire (psl)
D drag (b) p path of piston motion
D valocity of detonation wave (ft/sec.) P,  peak pressure {pal)
D. dlameter of apparent erater )y g vadiant exposure (cal/sq em)
D,  diameter of crater llp ft) q specific hent of reaction
! D,  diameter of plastic sone (ft) Q,  electron atom collision cross section

: ,+  duration of positive phase (sec,min) R ‘g8 conatant
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radius of fireball {ft)
target resistance to penetration  (1b)
distance from blast center (ft)

tensile strength (b/sq in.}

entropy of activation

absolute temperature (°K)
total kinetic energy (ft-1b)
atmospheric transmissivity

velocity (ft/sec.)
ionization energy

specific volume

velocity (ft/sec.)
volume of spparent crater {cu ft)
energy yield (KT)
-energy per unit area (ft-lb/sqin.)
ficld strength

wave length {X-units)

ratio of ionized particles tn the total
number of particles

ratio of specific heat

electron charge
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GLOSSARY

of Toerminal Balllstics Terms (U)

A

air burst. Any burst in the alr, but usually
having reference to the bursting of a
projectile or bomb above the ground with
resulting spray of fragments.

alrerafi. 1. In a broad sense, any machine
or craft designed to go through the air
(including, in some instances, outer
space), given lift by its own buoyancy (as

. with airshipa), or by dynamic reaction of
air particles over and about its aurfaces,
or by reaction to a jet stream or other
fluid jet. 2. Restrictive—A powered, fixed-
wing airplane.

sirframe. The siructural components of an
alrplane or missile, including the frame
work and skin of such parts as the fuse-
lage, empennage, wings, landing gear
(minus tires), and engine mounts.

alrapeed. The velocity at which an aircraft
is traveling through the utmosphere (air).
It is entirely independent of any distance
covered on the surface of the earth,

aluminized explosive. An explosive to which
aluminum has been added. The alu-
minum, in flaked or powdered form, is
incorporated into the explosive to increase
the blust effect. Examples of aluminized
explosives inciude ammonal, HBX's, and
tritonal.

amblent. Surrounding, encompassing, s in
ambient air, nmbl,nt temperature.

ammunition. 1. A generic term which in-
cludes all manner of misailes to be thrown

against an enemy, such as bullets, projec-

tiles, rockets, grenndes, torpedoes, bombs,
and guided missilea, along with their
necessary propellants, primers, fuzes,
detonators and charges of conventional ex-
plosive, nuclear explosive, chemical or
other materials. 2. In the broadest sense
the term is not limited to thoss materials
to be thrown, nor to use against an enemy,
but inciudes, in addition to the items and
materials given in sense 1, all explosives,

613522 O-81—N

explosive devices, pyrotechuics and pyro-
technic devices. The purpose is not limited
and includes, in sddition to direct use
against an enemy, such uses as ilumina-
tion, signaling, saluting, mining, digging,
cutting, accelerating, decelerating, sepa-
rating, catapulling personne] or materiel,
operating or stopping mechanimms, dem-
olition, decoying, practice, training,
gusrding, game hunting, and pure sport.
3. In the most restricted sense the term
includes a complete round and all its com-
ponents; that is, the material required for
firing & weapon auch as & pistol, rifle, or
cannon, from which a projectile is throwa
for inflicting damage upon an enemy.
Generally the term is used or taken in its
broadest gense (semse 2) unless a more
restricted sense is indicated or is implied
by the coatext.

antiarmor. Of ammunition, bombs, bullets,
projectiles, or the like: Designed to defeat
arror and other resistant targets.

antimechanized defense, All means used for
defense against armored combat vehicles.
It may include such mecsns as armored
units, antitank weapons and grenades,
fleld artiliery, antisireraft artillery, ditch-
s, traps, mine fields, and any other means
available. Also knowu as sntitank defense.

antipersonnel. (apers) Of projectiles, bombs,
mires, grenades, or the like: Designed to
kil', wound, or obstruct persotinel.

antitank. (AT) Uped, or designed to be used,
agains® tanks,

antitank weapom. Any wespon designed or
suitable for use against tanks or other
armored vehicles. Antitank rockets, aati-
tank grenades, and sntitank guns are ex-
amples of antitank weapons.

applique armor. Material or attachmunt
which can be inatalied on a tank to give
it additions! protection sgainst kinetic or
nonkinetic enurgy unmuntion.
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area larget. A target consisting of an ares,
such as an entire munitions factory,
rather than a single building or limihr
point target. .

armwr. 1, Any physical protective covering,
such as metal, used on tanks, airplanes,
etc., or on persons, against prajectiles or
Iragments. See: armor, body, Iragmen.
tation protective; steel armor plate. 2.
Armored units or forces, 3. In a weapon
system, that component that gives pro-
tection to the vehicle or the weapon on
its way ta the target. In sense 1, conven-
tional steel armor is classified according
to its physical and metaliurgical struc.
ture, as face hardemed or homogeneous.
1t is also classified according to its method
of fabrication, as cast or rolled. In seuse
3, the armor may consist of armor (sense

1) or any other protective device or tech.

ninue, such a3 “chafl,” diversionary at-
tack, speed, etc.

armor, badv, fragmeniation protective.
Armor expecially deaigned to provide frag-
mentation protection to vital areas of the
body. Usually provided in the form of
garments which may contatn steel, nylon,
or other resistant materials,

armor caslings. A type of armor frequently
used when complicated shapes are inJ
volved. Such castings are made or high
alloy steel and are 50 heat treatad as to
have the properties of armor plate. May
be either the homogeneous or fmhud-
ened type. See: armesr.

armor defealing. A term similar to anti-
armor, sometimes applled to any of sev-
eral types of ammunition, having for its
principal purpose the defaat of armor pro-
taction of armored vehicles or ships. Types
of such anununition are armor-plercing,
HEAT, ete.

armured personmel earrier. An drmored ve-
hicle which provides protection from small
arms fire and shell fragments; used to
traasport personnel both on and off the
battlefield.

!;-;ml'\

armored vehicle. A wheslad cor (rack-liying
vahicle mounting armor plate, used for
combat security or cargo, Armured ve-
hicles include tanks, personnel carriers,
armored cars, self-propelled artillery and
/arious special purpose vehicles.

armored vehicly damage. See: damage eate-
gories.

armor-plercing. (AP) Of ammuniiion, bombs,
bullets, projectiles, or the like: Designed
to penetrats armor and other resistant
targets.

- armor-plercing, eapped. {APC) Of armor-

piercing projectiles: Having an armor-
plercing cap over the noss. Sce: eap,
armor-plercing.

armor, apaced. See: spaced armor.

Army compleie peneirstion. Penetration in
which it is possible to se¢ light through
the hole made by the projectile, or in
which it is poasible to see a portion of the
projectile in the piate when viewed from
the rear.

arrow projectile. See: projectile, arrow.

aspect angle. The angls formed between the
jongitudinal axis of a projectile in flight
and the axis of & radar beam.

atomic air burut. The exploaion of au atomic
weapon in the air, at & height greater than
the maximum radius of the fireball,

" atomic device. Any explosive device that

mukes use of active nuclear material to
cause & chain reaction upon detonation.

~ ~dtomle surfsce burst. Atomic missile burst

at an eclevation such thut the fireball
touches the ground.

atomie underground burst. The explosion of
an atomie weapon with its center baneaath
the surface of the ground.

atomic underwater burst, The explosion of
ah atomic weapon with its center beneath
the surface of the water.

attitude. The aapect that an aireraft or mis-
slls presents at any glven moment, =5
determined by its inclinations sbout its
thres axes.
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ball ammunitien. Nonarmorplercing smzll
arms ammunition in which the projectile
s solid. It is intended for use against
personne], light msterial targets, cr for
training purposes.

ballistic. Pertaining to ballistics (which see)
or the motion of missiles,

halligtic coefficlent. The numerical measure
of the ability of a missile to overcome air
resistanse. It is dependont upon the masa,
the diameter, and the form factor {which
se).

ballistic lmit. The minimum velocity at
which a particular armor-piercing projec-
tile is expected to consistontly, completely,
penetrate armor plate of given thickness
and physical properties, at a spovified
angle of obliguity. Because of the eipense
of firing tests and the impossibility of
cantrolling striking velocity precisely, plus
the existence of u zone of mixed resuits

in which a projectiie may completely pene-

trate or only partislly penetrate under
apparently identical conditions, statistical
approaches are necessery, based upon
limited frings, Certain upproaches lead
to approximation of the Vi Point, that ls,
the velocity at which complete penetra-
tion and incomplete penetration are
oqually likely to occur. Other methods
atteapt to approximate the V, Point;
that is, the maximum velocily at
which no complete penetration will oceur.
Other methods attempt to spproximate
the V., Point; that s, the minimum
velocity st which all projectiles will com-
pletely penetrate,

ballisiic missile, Specifically, any missile
guided especially in the upward part of
its trajectory, but becoming a free falling
body in the Iatter stages of its flight
throuagh the atmosphere. This missile con-
tains guiding devices, such as preset mech-
aniams; but {, is distinguished from a
guided missile in that it becomer a free
falling body, subject to ballistic reactions
as it descends through the stmosplere.
Currently, the term has a atrong connota-
tion of & misajle designed to trave: out-

side, ot in the outer reaches of, the atmos-
pherz, before plungicg toward its target.

baliistics. Branch of applied machanics which
deals with the motion and behavior char-
acteristics of missiles; that is, projectiles,
bombs. rockets, guided missiles, etc,, and
of accompanying phenomena. It can be
conveniently divided into three branches:
interior ballistica, which deals with the
motion of the projectile in the bore of the
weapon; exterior ballistics, which deals
with the motion of the projectile while in
fight; and terminal ballistics, which is con-
cerned with the effect and action of the
projectile when it impacts or bursts.

bazooks. Popular nama applied to the 2.36-
inch rucket launcher. The later modcl
3.50-inch rocket lanncher was termed the
"luper mh_n

biological warfare. (biowar) 1, ‘Warfave
waged by the employment of living org.n-
isms, toxic bacteriological products, and
chemical plant-prowth inhibitora to pro-
duce death or caswalties in man, animals,
or plants. 2, Defense against such war-
fare.

black powder. A low explasive consisting of
an intimate mixture of potassium or
sodium nitrate, charconl, and suifur, It is
easily ignited and ia friction senaitive, but
is not of the same setwitivity as primer
mixes, and is not intended to be initisted
by {riction in ammunition items. Form-
erly, extensively used as & military pro-
pellant, but now its militsry use is almost
exclusively 1 propellant ' igniters and
primers, in fuzes to give short delay, in
powder-train time fuzes, it blank amungni-
tion, and s spotting charges in practice
ammunition.

blasl. The brief and rapid changes in air
pressure, density, temperature, and par-
ticle velocity resulting from the detonation
of any explosive rmaatter.

blast comtour. A grsphical representation of
the results of tests of bare expiosive
charges againat a given target structure.
The contour represeuts the maximum dis-
tance from the eenter of detomation at
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which some level of damage, See: damage
categories, to the structure would occur,

from charges of a certain weight, and in,

a given orlentation. A given biast con-
tour applies to only one target structure.

blast wave. See: shock wave. The shock
wave tranamitted through the air ag the
result of an explosion, Th. wgh usage, the
term shock wave often is refer.od to as a
blast wave, or sir blast.

body armor. Se¢: armor, body, fragmenta-
tion protective.

bemb. 1. In u broad sense, an explosive or
other lethal agent, together with its con-
tainer or holder, which is planted or
thrown by hand, dropped fyom an aircraft,
or projected by some other slow-speed de-
vies (as by lobbing it from a mortar), and
is used to destroy, damage, injure, or kiil.
2. Anything similar to this object in ap-
pearance, operation, or effect, as a leaflet
bomb, smoke bomb, photofiash bomb, a
bomb-like container or chamber, eic.

bomb, atomic. (A-bomb) Meaning formerly

limited to a bomb in which the explosive

consists of a nuclear-fissionabié, radicac-
tive material, as uranium 236 or plutonium
239, Now accepted as synonymous with
the term bomb, nuclear.

bomb, cobalt. A theoretical atomic or hy-
drogen bomb encased in cobalt, the cobalt
of which would be trans™ ned into deadly
radioactive dust upon .  wtion.

bomb, hydrogen. (-bomb) A fusion bomb
in which an isotope of hydrogen is made
to fuse under intense heat, with a result-
ant joss of weight and release of energy.

bomb, nuclear, A bomb that releases explo-
sive energy sither through nuclear fission
or nuclear fusion. This term is applied
aither to the atomic bomb cor the hydrogen
bomb.

boaster. Assembly of matal parts and explo-
sive charge provided to sugment the ex-
plosive component of a fuze, to cause deto-
nation of the main exploaive charge of the
munition. May be an integral part of the
fuze. The explosive in the booater must
be sufficlently sensitive to be actuated by

the small explosive alementa in & fuze, and
powerful encugh to cause detonation of
the main explosive filling.

brisance. The ability of an explosive {0 shat-
ter the medium which confines it; the shat-
tering effect of the explosive. (Adjective:
brisant.)

bullet, incendiary. A bullet having an in-
cendiary charge, used especially against
flummable targets.

C

calorimelric test. As applied to interior bal-
listics, the use of a calorimeter to deter-
mine the thermochemical characteristics
of propellants and explosives. The prop-
erties normally determined ave heat of
combustion, heat of explosion, heat of
f~-mation, and heat of reaction,

casualty agent. A toxic or lethal chemical
sgeat that can be used effectively in the
field.

casualty criteris. Standards by mesns of
which may be classified the ability of am-
munition items, or fragments therefrom, to
inflict disabling wounds on personnel.

casualty gas, War gas capable of producing
serious injury or death when used in effec-
tive concentrationa,

CEP (abbr.) .Circular probable exrxor. The
original expression appesrs to have been
circular error probability.

chafl, countermensures. A thin, flat, plece of
metal foil, plain or backed, specifically de-
signed to act as a countermesasure against
enemy radar vhen released into the at-
mosphere.

Chapman-Jouguet plane. For a hypothetical,
infinite-plane detonation wave: A moving
reference plane, behind the initial shock
frout, in which it is variously assumed
that: (a) reaction (and energy releases)
has been effectively completed; (b) reac-
tion product guses have reached thermo-
dynamic equilibrium; (c) reaction gaves,
streaming backward out of the detonation,
have reached such & condition that &
forward-moving soundwave loeated at this

G4 qESEP—Y

UNCLASSIFIZD




#

g

j

e — 1

‘J‘;?‘i Lﬁﬁ\uc}h}i“gw

precise plane would remain a fixed dis-
tance behind the initial shock.

charge. 1. A given quantity of exploaive
either by itself, or contsined in a bomb,
projectile, mine, or the like, or used as the
propellant for a bullet or projectile. 2,
That with which a bomb, projectile. mine,
or the like is flled, as a charge of explo-
sive, thermite, ote. Also called the “fill,”
“filler,” ov “filling.” 3. In small arms, a
cartridge or round of ammunition. 4. To
fill with a charge. 5. To place a charge
in & gun chamber,

charge, bare. An explosive charge without
casing, prepared for use in determining
explosive blaat characteristics.

charge, bursting. The main explosive charge
in a mine, bomb, projectile, or the like
that breaks the casing and produces frag-
mentation or demolition.

charge, cased. 1. Propeiling charge within a
cartridge case. 2. Any explos've charge
within a case, as opposed to a bare charge.

charge, shaped. (SC) An explosive charge
with a shaped cavity. Sometimes called
cavity charge, Called hollow charge in
Creat Britain. Use of the term shaped
charge generally implies the presence of a
lined cavity.

chemical agent. military. A chemical jtem
either sclid, liquid, or qus divided into
three principal catagories: war gases,
smokes, and incendiaries. It is developed
for the purpose of conducting defensive
and/or offcnsive warfare, Through its
chemiral properties {t produces: lethal, in-
jurious, or irritant effects resulting in
casualtios; & screening or colored smcie;
or acta as an incendinry agent.

chromograph. 1. genercl. An instrument
for meusuring time. 2. As applied to bal-
listics, an instrument for determining ve-
locity by measuring the time required for
a projectile to travel a kmowm distance,
thus furnishing the daia for determination
of the velocity. A complets chronograph
usually consists of two main systems: one
for detecting the projectile as it passes
two (or more) points whose distance apart

and distance from the muzzle are known
accurately; and a second systom for re-
cording these passages on a time scale,
thus supplying information that is veadily
converted into velocity. The velocity ob-
tained in this manner is the average ve-
locity between the recorded points. This
is converted to muzzle velocity by adding
to it the velocity lost, which is obtained
from tables or charts which take into ac-
count the form factor (shape) of the pro-
joctile and the distance which it hus
traveled,

circular error. 1. A bombing error measured
by the radial distance of a point of bamb
impact, or mean-point of impact, from the
center of the target, excluding gross
ervors. 2. With an airburst atomic bomb,
thii is the bombing error measured from
-the point on the ground, immediately be-
low tha bomb.burst, to the desired ground
2ero. Sce: ground zero.

circular probable ervor. (CEP) 1. The prob-
able bombing error axpressed in terms of
the radius of & circle cantered on the de-
sired mean- point of impact (DMPI) of &
bombfall, and containing half of the ex-
pected bombfall, excluding gross errors;
also sometimes applied to the actual bomb-
ing error. 2. With an airburst atomic
bomb, this is the probable bombing error
expressed in terms of the radius of a circle
centered upon the desired ground zero
(DGZ), the radins from that point being
projected horizontally to the point below
the bomb burst. Gross orrors are also ex-
cluded in atomic bombing. 3. With refer-
ence to guided missiles, this is & probable
error expressed in tarms of the radius of &
circle within which one-half of a given
number of missiles can be expected to fall.
Gross errors are ususlly excluded, See:
CEP.

coball bomb. See: bomb, cobalt,

compiaie paseimiiss. 1. In Army tearmi-
nology, panetration obtained when ths pro-
jectile in the target, or light through the
target, can be seen from the rear of ths
target, 2. In Navy terminoiogy, penef -
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controls. A general terza applied to the means
provided to enable the pilot to control the
speed, direction of flight, attitude, power,
etc., of an aiveraft control surface.

coutrol surface. 1. In a broad sense, any
movable airfoit used to guide or control an
aireraft, guided missile, or the like in the
air, including the rudder, slevators, ailer-
ons, spoiler flaps, trin tabs, and the like.
2. In restricted usage, one of the main
control surfaces; i.e., the rudder, an ele-
vator, or an aileron,

cover funciion. A function of the presented
ares of a target, based upon the shielding
or cover alforded the target by the sur-
rounding terrain.

critical mess. The minimum mass of a fis-
sionable material, when related to & specific
shepe and enviroument, necessary to sus-
tain & nuclear chain reastion.

dawage. (dam.) 1. An injury short of com-
plete destruction inflicted upon persons,
equipinent, or installations. 2. To cause
damage, sense 1. 3. Ses: damage cate-

potential of ammunition. The first clasei-
fication, applied to aireraft, amploys the
following damage evaluation terms:

K damage--damage such that the air-
craft will fall out of control immediataly
after the damage occura.

KK damage—damage such that the air-
craft will disintegrate immediately after
thcdnmazeoecuu.

A damuge—damage such that ths alr.
craft will £fall out of control within five
minutas after damage occurs,

B damago—damage such that the air-
craft will be unable to return to its base.

C damage—damage that will prevent
the aireraft from completing its mission.
The second ciassification, applied to arm-
ored vehicles, employs the following dam-
age evaluation terms:

K damage—damage that will causs the
vehicle to be destroyed.

F damage—damage ca ulnxmmpluhor
partial loss of the ability of the vehicle
to fire its main armament and machiine
guns.

M damage—damage causing immobili-
zation of the vehicle.

ﬂlllll!l’ldllll- 1. The distance at which, In
terms of experience or theoretical caleu-
iations, certain types of damage can be
expectad from & specifiad type of explosive
items. 2. Atomic explosion—ihe distance
from grovnd zero at which therve is & 50

parcent probability that s target element’

susceptible to the weapou effect considered
will be damaged.

decay. The spontansous disintegration of
radioactive nuclel to & more stable form,
generally accomplished by the emission of
particies and/or gamima rediation. Decay
also refers to the decrease in intensity of
radioactivity with passage of time,

decay factor. A constant which is multiplied
by the value of dose rate at one hour, to
give the rate at some other time,

desired ground ssre. {DGZ} For a surfice
burst, the point on the earth’s surface
where atomic detonation is desived. For
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an air burst or underground burst, the
point is an the earth’s surface directly be-
low or directly above the desired point of
detonatior.

dolomatica. An exothermic chemical reaction
that propagates with such rapidity, that
the rate of advance of the reaction zone

into the unreacted material exceeds the

velogity of sound in the unreacted mate-
rial; that Iz, the advancing reaction zone
is preceded by & shock wave. A detonation
is classed as an explosion. The rate ol
advance of ihe reaction zone is termed
detonstion rate or detonation velocity.
When this rate of advance attains such a
value that it will continue without diminu-
tion through the unreacted material, it is
termed the stable detonation velocity. The

. exact value of this term is dependent upon

& number of factors, principally the chem-
ical and zaysical properties of the mate-
Tial. ‘When the detonation rate is egual to
e greater than the stable detonation veloc-
ity of the explosive, the reaction s termed
a high-order detonation. When the deto-
nation rate is lower than the stabls deto-
nation velacity of the explosive, the reac-
tion is termed a low-order detonation,

detonation frent. The reaction zone of a deto-
nation.

detonation wave. The shock wave which pre-
cees the advancing reaction sone in a
high-order detonation.

detonator. An axplosive train component
which can be activated by either a non-
explosive impulse, or the action of a
primer, and is capable of reliably initiat-
ing high-order detonation in s subsequent,
high-explosive component of train. When
activated by a nonexplosive impulse, a
detonator includes the function of a
primer. In general, detonators are clasai-
flad In sccordance with the method of
initiation, such as percussion, stab, elec-
tric, flash, ete.

DGZ (abbr.) Desirad ground zerc.

discarding patal. A part of a disearding
sabot in which the asbot is composed of a
base and attached pleces extending from

~ L T 4
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it. These pieces, called petals, surroynd
the core. They peel back undar centrifugal
and serodynamic forces and are discarded
just in front of & gun mazxle.

discarding sabot. See: mbot.

dose. The total amount of nuclear radiation
received by an individusl, expressed in
roentgens. Usually used to mean totul
dose, Also expressad as RAD (which see).

dose rate. A measurement of the intensity of
persistent or residual radio-activity ex-
pressed in terms of rosntgens per hour.
Also expreased as RAD.

drag force or compoment. (siress analysls)
A force or component, in the drag direc-
tion; L.e,, parallel to the relative wind.

dymamic presare. See: pressurs, dynamic.

dynamics. A branch of mathanics that treats
of the motion of bodies, and of the forces
acting upon bodies iu motion or it process
of changing motion.

dynamite. A high explosive, consisting of
nitroglycerin and/or nitroglycol and/or
\nm:mnigm nitrate and othar materials

' with or without an inert base, packed in
cylindrical paper cartridges or in bags.
It is set off by & detonntor and is generally
used to break rocks, move dirt, or demolish
buildings.

electronic countermensures. (ECM) Usually
pl. Any of various offensive or defensive
tactics using electronic and reflection de-
vices to reduce the military effectivenams
ofmwequimnt.wmmm
or affectad by electromagnastic radiations.
slectronic jamming. An action Inveived In
electronic countersseastives, being the ra-
diation or re-radiation of slectromagnatic
waves to impair the use of a specific sep-
ment of the madio specirum. Usually
shortened to “Jamming.”
energy, radiant. Enargy conslating of elec-
tromagnetic waves, such as light, infrared,
radio, snd radar.
explosion. (explo) 1. A chamical reaction
or change of state, effect in an excesd-
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ingly short space of time, with the gen-
eration of a high temperature and,
genenally, & lavge quantity of gas. An
explocion produces a thock wave in the
surrounding medium. 2. Now also used
with reference to the explosive effects of
nuclear weapons, 3. In general sense, any
violent bursting or expansion, with noise,
following a sudden production of great
presasure or a release of great pressure,

axplosion, chamical. See: explosion, sense 1.

sxplosive. (explo) 1. A substance or mix-
ture of substances which may be made to
undergo a repid chemical change, without
an outside supply of oxygen, with the
liberation of large quantities of energy,
genenally accompanied by the evolution of
hot gnses. Explosives arg divided into two
classes, high explosives, and low explo-
sives, according to their rate of resction
in norma| usage. Certain mixtures of fuels
and oxidizers that can be made to explode
are considered to be explosives. However,
& substance such as & fuel which requires
an outside source of oxidizer to explode, or
an oxidizer which requires an outside
source of fuel to explode, is not considered
an explosive. 2. Now used logsely with
reference to nuclear weapons.

cx:luive. conventional, A nonatomic explo-
ve.

F

fallback. That part of the material carried
into the air by an atomic explosion that
ultiuately drops back to the earth, or
water, at the site of the explosion.

fallout. The procsss of precipitation to earth
of particulate matter from an atomlic
cloud; also applied in a colloctive sense
to the particulate matter itself. Although
not necessarily so, such particulate matter
is generally radicactive,

faliout aren. The ares on which radioactive
materials have settled out, or the ares on
which it is predicted from weather con-

Mg ‘E.‘{:. -

ditions that radioactive materials may
settle out.

Bim badge. A photographic flim packet to
to ba carried by personnel, in the form
of a badge, for measuring and perma-
nently recording (usuwlly) gamma ray
dosage.

fin stabilization. Method of stabilizing a pro-
jectile, as & rocket bomb or miisiie, dur-
ing flight, by the aerodynamic use of
protruding finas,

Hasion. Of radicactive material: To aplit
apart within the atomic nucleus, as in,
“cobalt would neither flsslon nor fuse.”

fissionabls. Of & material such as vranium:
Subject to nuclear fission.

fission bomb, A bomb intended to derive ita
explosive force from nuclear fasion. See:
bomb, atomie,

Gsslon, nuclear. The splitting of an atomic
nucleus, as by neutron bombardment.
See: bomb, atomic,

ash radiography. Method of high-apeed, X-
ray photography. Used in analysis of am-
munition functioning. _

flecheite. 1. An aerial dart. 2. A small fin-
stabilized missile, a large number of which
can be losded in artillery canister.

flutter. A vibrating and oscillating move-
ment of a wing, control surface, or the
like, caused by aerodynamic forces acting
upon an airfoil or surface having elmtic -
and Inertial qualities. '

form factor. Factor introduced into the bal.
listic coefficient of a projectile, based on
‘the shape of the projectile. Sometimes
called “cosfficient of form.” Sce: ballistle
coeficient. :

fragment. (frag) 1. A piece of an exploding
or exploded bomb, projectile, or the like.
2. To break into fragments.

fragmentation. (frag) A term applied to
ammunition, indleating that the item is
primarily intended to produce a fragmen-
tation effect.

fragmeniation test. Test conductad to deter-
mine the number and weight distribution,
and where the method used permits, the
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‘9 ‘nlocnty and spatial distribution, of the

fiagments produced by a projectile or
other munition upon detonation. Recovery
of fragments, without determination of
velocity or spatial distribution, can be ac-
complished by fragmenting in sand or

sawdust, or over water. Determination of

velocity and spatial distiibution requires
elaborate recovery means and instrumen-
tation.

fragment density distribution. The number
of fragments per unit solid angle (stera-
dian). .

fragment mass distribution. Spectrum of
fragment weights produced by a shell or

+ warhead,

fuse. (not to be confused with the term
fuze) 1. An Igniting or explomive device
in the form of & cord, consisting of a
flexible fabric tube and a core of low »r
high explosive. Used in blasting and dem-
olition work, and in certain munitions.
Fuse with black powder or other low ex-
plosive core is called: fuse, blasting, time.
Fuse with PETN or other high explosive
core Is called: cord, detonating. 2. An
electrical fuse.

fuselage. The bedy, of npproximately stream-
line form, of an aircraft or missile. It is
the part to which the tall unit and wings
(if included) are attached. °

fusion, 1. atomic energy. Fusion, nuclear.
2. optics. The mentsl blending of the
right snd left eye images into a siogle,
cloar image by sterecscopic action.

fusion, nuclear. The fusing or uniting of the
atomic nuclel of an isotope, us those of
deuterium, to form other nuclei under the
influence of intanse hent. See: bomb,
hydrogen.

fuxe, 1. A device with explodive companents
designed to initlate a train of fire or
detonation in an item of ammunition, by
an action such as hydrostatic pressu.a,
electrical energy, chemical action, impact,
mechanical time, or s combination of
these, Excludes: fuse (as modified). 2. A
non-explosive device designed to actuate
another component by atmospheric pres-

sure and/or temperature change, electrical
energy, chemical action, physical impact,
acceleration and/or deceleration foreas,
electromagnetic waves or pulses, and ex-
ternal forces. 3. To equip an item of am-
munition with a fuze.

G

gain. 1. radio. In an amplifying system.

the increase of output power, voltage, or
current over the input power, voltage, or
current, expressed in torms of & ratio, 2.
radar. The difference, expressed as a

‘ratio, between the power radisted by a

directional sntenna and the power radi-
ated by an isotropic amtenna, when both
have an equal power output.

gelatin block. A block of transparent gela-

tin, the conalstency of which iz approxi-
mately similar to human tissue. It is used
to compare the lethality of bullets, frag-
ments, and flechettes,

Geneva Convention, An international agree-

ment dealing with ths humans treatment
of combatants and noncombatants in time
of wer, The original Convention, signed
at Geneva in 1834, concerned wounded
soldiers and prisovers of war, Later
amendments and revisions extended the
provisions to victims of maritime actions
and to civilian populations. In 1949 axist-
ing provisions were reformulated into four
conventious for the protection of war vic-
tims, Thé U. S. has been & signatary of
the successive couventions, and since 1884
the Convention has besn the charter of
the International Red Cross.

grenade. A small exposive or chemical mis-

sile, originally designed to be thrown by
hand, but now alse designed to be pro-
jected from special grenade launchers,
uscally fitted to rifles or carbines. Gre-
mdumyh-dudﬂdhlhrudmen.
grenade, hand; and grenade, rifle. Many
varieties and variativns of thess have been
used, including a number of improvised
ones.

ground zsro (GZ). The point on the earth’s

surface at which, above which, or below
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which, an atomic detonation has actuully
oceurred, ’

guided missile. An unmanned self-propelied
vehicle, with or without a warhead de-
signed to move in a trajectory . sught
path all or partially abave tho eartn’s sur-
face, ind whoae trajectory or course, vhile
in ilight, is capable of being controlled re-
=ately. or by homing systems, or by in-
«rtial and/or programined guidance from
within. Excludes droues, torpedos, and
rockets and other vehicles whose trajec-
tory or course cannot be controlled while
in uighe.

gua. 1. Geneval. A piece of ordnance con-
sisting essentially of & tube or barrel, for
throwing projectiles by force, usually the
force of an explosive, but sometimes that
of compressed gas, spring, etc. The gen-
eral term embraces such weapons &s are
sometimes specifically designeiad as gun,
howitzer, mortar, cannon, firearm, rifle,
shotgun, carbine, pistal, revolver. 2.
Specif. A gun with relal ely long barrel,
ususlly over 30 calibers, with relatively
high initia) velocity, and capable of being
fired at low angles of elevation,

Gurney constant. A factor for use in Gurney
fomaulas, which is constant for eah er-
plostve, but which varies with ditferent
explasivas, It is expresser in feel pur scc-
ond, Sce: Gurney formulas,

Gurnay formulas. A series of formulae eacl
formula corresponding to s particula-
reometry of the container, which enables
quits accurate prediction of ths Initinl
fragment velocity. The velocity is depend-
ent on the geometry, the explosive used,
and the ratio of the expiosive charge and
metal weighta.

GZ (ebbr.). Ground Zero.

HE (abbsr.). High sxploaive.

HEAT, I1E, AT (abbr.). (often pronounced
8 & word) Origlnally &o abbre-iation for
high explosive antitank, A term uscd to
designate hiyh erplosive ammunition con-
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taining, & shaped charge, See: charge,
shaped.

HEP (abbr.). (often pronounced as & word)}
An abbreviation for high-explosive plastic,
sometimes called a “squash charge”. A
tarm used to designate ammunition (usual-
ly used against tanks and reinforced struc-
tures) which resembdlea an ordinary HE
shell, but tha explosive component is a
plaatic explosive. This plastic deforms on
impact, resulting in an intimate contsct
of the explosive with the target surface,
thertby causing much greater shock waves
than other types of explosives, resulting
in spalling of the oppasite surface.

high exploe.ve. (HE) An explosive which,
when used in its noimal manner, detonates
rather than deflagrating or burning; that
is, the rate of advance of the resction zone
into the unreacted material exceeds the
velocity of sound in the unreacted ma-
terial. Whether an explosive reacts as s
high explosive or as a low exylosive de-
pendr on the manner in which it is initi-
ated and confined. For example, a double-
hase propellant when initiated in the usual
manner is & low expiosive, However, this
material can be made to detonats if the
propellant is initiated by an intense shock.
Conversely, a high explosive liks TNT,
uader certain conditions, can be ignited by
fame and will burn without detonating.
High explosives are divided into two
classes: primacy high «-plosives and sec-
oudary high explocives, according to their
sensitivity to heat and shock.

high-order detonaticn. Sce: dotemation.

iBuminami composition. A mixture of ma-
tarials suitable for use in the candle of &
pyrotechuic device, baving production of
high intensity light as ita principal func-
tion. The wmaterials usad imclude & fuel
{reducing agent), an oxidizing rgent, and
» binder, plus color intenaifler and water-
proofing agwt. The mixture is loaded
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under pressure in a container to form the jel breaxup, As pertains 10 shaped charge

illuminant candle,

iluminating. Indicates, in ammunition no-
menclature, that the munition is intended
primarily for iluminating purposes. Us-
urlly contains a flare, and may contain a
parachut ¥ for suspension in the air.

impulse. A vector quantity defined by the
time integral of the force F acling or &
particle over a flnite interval,

for example, j 4 ¥dt

+
for the interval frm t, to t,.
Specifically, with respect to blast waves,
“impulse” refecs to the time integral of

ammunition: Breaking of jet into discrote
particles. The time of breskup is a factor
in effective penetration. Bifurcstion: ra-
dial breakup of the jet into two distinet
jets. Polyfurcation: radial breakup of the
Jet resuiting in three or more distinct jets.

K

Keivin scule, (K) A tempersture scale that

uses centigrade degrees, but makes the
zero degree siynify absolate zero, In this
scale, water freezes at plus 273.16 degrees
and boils at 373.16 degrees. This scals is
named after the first Buron Kclvin (1824-
1907), an English mathematical physcist.

pressure. kiloton. (KT) Rafers to the energy relsased

Initial radiation. The nuclear radiation ac-
companyirg an atomic explosion and
emitted from the r~sultant fireball; im-
mediate radiation. It includes the neu-

of a thousand tens of TNT, where 1 ton
equals 2,000 pounds, and where the energy
conteni of TNT is defined as 1,100 calo-
ries/gram.

trons and gamma rays given off at the kinetic emergy ammunition. Ammunition Ge-

instant of the explosion, and the alphas,
beta, and gamma rays emitted in the ris-
ing fireball and the column of smoke. In
contrast to residual radiation, its delivery
to persons and objects cn the earth’s sur-
face is terminated by the removal of the
source (flacion products in the atomic
cloud), from within effective radiation

signed to inflict damage to fortifications,
armored vehicles, or akips by reason of the
kinetic energy of the missile urou impact.
The damage may cousist of shattering,
spalling (which ses), or piercing. The
missile may he solid, or may contain an
explosive cherye intended to function after
penetration.

range of the earth, by the rising cloud. Kirkwood-Briakky's theery. in tarminal bl

J

jam. 1. Of a machine gun, full-automaiie,
aemiautomatic or other firearm: To stick
or become inoperative because of improper
loading, ejection, or the like. 2. To make
the transmissions f a radio unintelligibla;

listics, a theory formulating the scaling
laws from which the effact of biest at high
altitudes may be infarred, bated upon ob-
servod results at ground level. See: seal
ing law, and Sach's theery.

L

to make a radio or radar set ineffective, lethal ares. In terminal ballistics, a igury of

either by the use of counter-transmissions
of by the use of a confusion reflactor.

" See: elscivonic jamming.

Jot. 7. As nertains to shaped chargy ammu-
nitica® 4. From a lined charge: The slen-
dar, genarally fastast-moving part of 2
fiaor after collapsc. b. From an unlined
slaped charge: The central stream of

warit, having the dimension of urea, whick
permiits prediction of the number of cas-
ualties & missile may be expected to pro-
duce when employsd undsr apecified con-
ditions. An equation hias besn evolved stat-
ing the relationship betwesn ths lethal
arsa and the numernus factors affecting its
numarical value.

high-velocity gases produced upon detona- leihality criteria. Ses: casualty criteria.
don. Z. A jet engine. 3. A jet airplane low-order delonation. See: detomation.
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Mach froni. A Mach stem.

Mach stem. A shock wave or front formed
abave ths surface of the warth by the fu-
sion of direct and reflected shock waves
resulting from an airburst bomb. Also
called “Mach wave” and “Mach front.”

megaton. (MT) Refers to the energy release
of & milllon tons of TNT (10** calories).

Mev (abbr.). Million electron-volts. Some-
times abbr, MEV.

mine. 1. An encased explosive or chemical
charge designed to be placed in position
80 that it detonates when its target
touches it, or moves near it, or -when
touched-off by remote control. Genera
types are: land mine, and underwater
mine. 2. An exglosive charge placed in a
subterranean tunnel under a fortification.
3. To place mines or rrepared charges.
misslle (msl). 1. Any object that is, or is
designed to be. throwa, dropped, piojected,
or propalled, for the purpose of making it
strike » target. 2. A guided misaile (which
se8). & A ballistic missile (which see).
Miazmay-Schardin effect. The acceleration of
& solid end-plate (usually matai) from the
face of an explosive charge under detona-
tion, suck that the end-plate remains a
solid and is usable as a missile.
moneroque. A type of sirplane construction
in which the skin of the fuselage bears
the primary stresses ariaiLy in the fuse-
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energy released comes from the atomic
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nucieus being split, resulting in the emis-
sion of nuclear particles, such as neutrons,
the alpha particle, or the beta particle. In
nuclear fusion, the combining utomic
auclei fail to utilize their entire atomic
mass in {orming the new nucleus, the un-
used maszs being converted into energy.

nuclear fisslon. See¢: fission, nuciear.
nuclear fusion. See: fusion, nuclear,

nuclear weapon. A bomb, projectile, misaile,
or the like that carries a nuclear warhead.
Also, the warhead itself,

0

ogive. The curved or tapered front of a pro-
jectile. As a geometrical body, a convex
solid of revolution in which the generating
area is bounded by an ure of a circle, the
center of which lies on the side of the axis
of revolution apposite to the are, When
applied to & projectile contour, the radius
of the arc is expressed in calibers, such as
8 “T-caliber ogiv. ' With a bullet, bomb,
or other projectile having a fuze forming
the nose, the ogive is included betwesn a
point where the projectile begins to curve,
or taper, and a point on the line where
fuze snd body mest. In other types of
projectiles, the nose of the projectile is
lucluded as & part of the ogive.

Ondnance Proof Manurl, (OPM) A manual
whose purposs is to simplify, codify, and
standardize proof technique and to provide
8 guide for those who plan, erecute, or
snalyzs proof work on ordnance matsxiel.
The manual includes a discussion, in detail,
af bealc principles, relatad facts, and spe-
cific instructions relating to: classification
uf tasts; examples of test prograius on all
classes or types of ordnance matariel:
proof technique, including the datail oper-
ation of proof facilities; the methoda of
reductiony of proof data, calculations per-
formed, the evalustion of tests, and in-
structions for preparation of proof reports.

evermatching plate. Armor plate whose
thickness exceads the diamatar of the pro-
Joctile.
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ovarmalching projectile. A projectile whose
diameter exceeds the thickness of the
armor plate.

P

partial penetration. Penetration obtained
when a projectile fails to pass through the
target far enough for either the projectile
iteelf, or light from its penetration, to be
seen from the back of the target; Army
partia} penetration. See: complele pene.
tration, prolection complety penelration.

passive armor. A protective device against
shaped charge ammunition. Designed to
absorb the encrgy of a shaped charge. Ex-
amples: spazed armor, homogeneous mate-
rials, plastic armors, composite designs.
peak overpressure, The highest overpres.
sure resulting from the blast wavo. Peak
overpressures neéar the fireball of an
atomic explosion are very high, but drop
off rapidly as the blast wave travels along
the ground outward Zrom ground zero,
penumbra. The space of partial illumination,
as in an eclipse, betwean the umbra (per-
fect shudow) and the full light.
plexoelectric. The property of certain crys-
tals to develop electrical charge or poten-

tial difference acroas certain crystal faces,

when subjectad to a sirain by mechanical
forcas or, conversely, to produce a me-
chanical force when @ voltage is applied
across the material, Examples of piezo-
eloctric materials ure quartz, tourmaline,
Rochelle salts, and barium Litanate,

pitch. An acgular displscetrent about an
axis parallel to the laterr. axis of an air-
frama ar vehicle.

presonted area. That zres of a target normal
to the flight path of a projectile,

proasure, dynamic. The pressure exertsd by
a gas, liquid, or solid solely by virtus of
its relative motion when it strikes an ob-
ject. For example, in & pitot-static tube,
dynamic pressure is that part of ths im-
pact pressure derived from the relative
motion of the air, as distinguished from
that derived from atmospheric pressuro.

primary blast injuries. Those injuries in-
curred as a direct result of the pressures
of the blast or shock wave.

projectile. (proj) L Gexeral. A body pro-
Jjected by exterior force and continuing in
motion by its own inertia. 2. Spec:if. A
missile (which see) for use in any type of
gun (which see). In the genera! sense, the
term is sometimes applied to rockets and
guided missiles, although they may not
fall within the stated definition. In sense
2, the term projectile is preferred over
shell, shot, and the like, in official nomen-
clature,

projectile, arrow. A relatively long projectile
which is designed to be fired from a gun
of & caliber considerably lerger than the
diameter of the projectile body. It is sia-
bilized by fins having a span approxi-
mately that of a caliber of the gun. Thie
design is made for the purpose of incress-
ing the velocity, to decrease the time of
flight, and/or increase the striking energy
of the projectils.

protection complete penstration, Penetration
in which a fragment or fragments of
either the impacting projectile or the plate
are thrown to the rear of the plats with
sofficient eneryy to perforats a .020-inch
sluminum-alloy, 24ST, sheet, or its equiva-
lent, when placed 80 as to ruceive those
fragmerts passing from the rear of the
plate. The “Protection Critericn.” Whan
it is possible to observe that thies condi-
tions are being met without the use of the
sheet, as in heavier plate testing, the shest
may be omitted.

profection partial penetration. Penetration
which approaches but doss not fulfil] the

requirements for protection complsts pes-
etration.

RAD. (from radistiou absorbed doss) A
unit of absorbad dose of suizing radiation.
The RAD, 190 erga/gram, i & massure
of the energy impartsd to matter by fonis-
ing radiation, per unit maw of irradiated
maatarial, at the place of interest,
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radiation. 1. Te transmission of energy
thyough space in the form of eloctronic
waves. 2. Nuclear radiation.

radistion abserbed dose (dosags). (RAD)
The total quantity of jonizing radiation
absorbed by an individual or any masa of
material exposed to radiation, If the radi-
ation is X, or gamma, and the mass is
froe air, the unit of measure is the roent-
gen.

radiation dosage. Total quaniity of radiation
to which a person is exposed over a period
of time. It is measured in roentgens.

radiation dose rate. The radiation dose (dos-
age) absorbed per unit timme. The common
unit of measure for X or gamma radiation
is roentygen or millircentgen per hour.

radiation intensity, The amount of radia’
energy, per unit time, passing through a
unit ares parpendicular to the line of prop-
agation, at the point in question. This
term is often used incorrectly when dose
rate is intended,

radiography. Nondestructive examination of
matter by means of X-rays or gamma
rays. The rays are permitted to impinge
on a fluorescent screen for temporary
work, or photographic film for parmanent
record. Used in metal industry, research,
and analysis, for purposes such as deter-
mining the soundness of cestings and
welded joiats.

radiological warfare. The employment of
agents or weapons to produce residual
radioactive contumination, as distin-
guished from the initial effects of a nu-
cloar expilosion (blast, thermal, and initial
nuclear radiation}.

Rankine scale. (R) A thermomster scale
which uses Fahranheit degrees, with zero
as absoluts zero of the Fahrenheit scale.
The freezing point of water is 491.69 de-
o

marefaction, In an atomic bomb explosion, a
condidon existing at the centsr of the
explosion, in which the pressure, after &
rise induced by the sxplosion, drops beiow
that which «. .ted prior to the explosion.

TR

ravefaction wave. A prossure wave, or rush
of air ar water, induced by rarefaction. The
rarefaction wave (also called a suction
wave) travels in the opposite direction to
that of the shock wave directly following
the explusion.

raster. A sysiem of luminescent lines traced
on the phosphor of a eathode-ray tube by
motion of the cathode-ray beam. The
changes of brightness in the lines produce
& picture as a televigion picture or a radar
map. This word is of German origin and
is used particularly in television.

REM (abdr.). Roentgen equivalent mammal.

vesidual radiation. Nuclear radiation emitted
by the rudioactive material deposited after
an atomic burst, or after an sttack with
radiologiral warfare agents. Following an
atomic burst, the radioactive residue is in
r..0 form of flssion products, unfissioned
nuclear material, and material, such as
sarth, water, and exposed equipment, in
which radicactivity may have been in-
duced by nectron bombardment.

rocket. An unmannad, self-propelisd vehicle
with or without a warhead, designed to
travel above the surface of the earth, and
whoss trajectory ar coursa, while in flight,
cannot be controlled. Excludes guided mis-
sile and other vehicles whose trajectory
or courss, while in flight, can be cuntrolied
remolely, or by homing systema, or by
inertinl and/or programmed guidance
from within.

rosmtgen. A measure of jonization produced
by X-ray or gamma radiation. The umit
of measurament of radiation in terms of
its offect on human beings. This is technl-
ually defined an the amount of X or gampia
radiation which as a result of iozixation
will produes, in 1 cubic centimeter of dry
air at standard conditions of temperature
and pressurv, fons carrying 1 elsctrostatic
unit of electricity of either sign.

rosntgen equivalent wmarmal (REM) The
quantity of any type of ionising redintion
which, when absorbed by & mammal, pro-
duces an sffectiva equivaient to the ab-
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sorption by the mamma: of ane roentgen
of X or gamma radiation,

roll. An angular displacement about an axis
paraliel to the longitudinal axis of an air-
frame or a miasile,

sabot. Lightweight carrier in which a asub-
culiber projectile is centered to permit
firing the projectile in the larger caliber
weapon. The sahot diameter fills the bore
of the weapon from which the projectile
is fired. One type of sabot, discarded a
short distauce from the muzzle, is known
as 4 “discarding sabot.” A sabot i3 used
with a high velocity armcr-piercing pro-
jectile having & tungsten carbide core; In
this case, the core niay be considered as
the subcaliber projectile.

Sech’s theory. An alternate theory to Kirk-
wood-Brinkley’s theory, embodying scal-
ing laws by which the effect of blast at
high altitudes may be inferred from the
results at ground level.

scaling law. A formula which permits the
caleylation of some property for a given
article based on data obtained from a simi-
lar, but diftersnt size, article; e.g., crater
size, nuclear radiation, etc., for a nuclear
warhead of any yleld, from the known
values for another yield,

secondary blast injuries. Those injuries sus-
tained from the indirect effects of a blast;
such as falling rubble from a collapsed
building, or missiles (debris or ohjecis)
which have bean picked up by the blast
winds generated and hurled agminst an
individual. Also includes injuries resulting
from individuals being hurled sguinst sta-
tionary objects.

shock resisiance. Armor. That property

which prevents cracking or general rup-.

ture when impacted by fragments, {rregu-
lar projectiles, or glancing blows from
overmatching projectilas. Ses; shock tast,

shock isst. Armor plate. The test to deter-
mine if the armor will fail under impacts

of overmatching projectiles, Alzo called
ballistic shock test.

shock wave. The steep, frontul compreesion,
o pressure discontinuity, rapidly advanc-
ing through a medium as the consequence
of & sudden application of pressure to the
medium. Its form depends on the magni-
tude of the preasure, and the displacement
of the medium, as the wave progresses,
In soll, the shock wave is commonly re-
ferred to as the grourd shock; in water,
the water shock; and in air, the gir blast
or blast wave.

shock wave, reflected. A shock wave result-
ing from an explcsion, especially from the
explosion of &n alrburst bomb, which is
reflected from a surface or object.

shot. la. A solid projectile for eannon, with-
out & burating charge. b, A mass or load
of numercus, relatively small, lead peilets
used in a shotgun, as birdshot or buckshot.
2. Thal which is “ved from & gun as “the
first shot was over the target’” In sense
la,, the term “projectile” is preferred for
uniformity in nomaenciature.

side spray. Fragments of a bursting projec-
tile thrown sidewise from the line of flight,
in contrast with base spray; thrown to the
rear, and ucse spray, thrown to the front

skirting armior. See: skirting plats, spwced

afbwor,

skirting plate. A thin plate, which is spaced
a considerable -distance in front of the

main armor plate and which acts as &
passive form of resistance to the jet of
shaped charge ammaunition.

spaced armor. An arvsagsment of armor
plute, using two or more thicknesses, sach
thickness uuwdtrmtho.ﬁomlnsm
Used as pruiective device,
aguinst shaped charge ammuaition.

spall, Fragment(s) torn from either surface

of armor plate, such as might result from
the impact of kinetic energy smmunition
or the functioning of shaped charge am-
munition.

spalling. Production of a spall(s).
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spall reslstance. ‘That property of armor
which prevants the armor from projecting
spalis into the armored vehicle when
struck by a projsetils,

spar. Any prii.cipal structural member in an
alrfoll; esp. in & wing, ruuning from tip
to tip or from root to tip.

spectroscope. An optical insirument de-
signed to brea! :i the light from a source
into its constitu. at wave lengths for the
observation of spectra, thus providing a
means of qualitative or quantitative study
of the spectrum formed. The inatrument
easentially consists of a slit, a lens syatem,
& dispersion aystam, and an observation
system.

spin stabilization. Mothod of slabilizing s
projectile during flight by causing it to
rotate about its own longitudinal axis.

stabllizer. Any airioil, or any combination
of airfoils considered as a single unit, the
primmary functiun of which is to give sta-
bility to an aireraft or misaile.

Standard Aimosphere. Since tho resistance
of the air to a projectile depends upon: the
wind, the density, and the temierature,
it is convenient to assume, as & puint of
departure in computing firing tables, a
wind, density and temperature structure
for this purpose. A sort of average or
representutive air structure so derived is
calied “a standard atmosphere.” The
standard stmosphere for the United
States Armed Services s the U. 8. Stand-
ard Atmosphere, which is that of the In-
ternational Civil Aviation Organization
(ICAQ). This standard atmospherc as-
sumes & ground pressure of 760 mlilll-
meter- of mercury and u ground tempera-
ture of 15° C. The tamperature through-
out the troposphere, that is, the region
whers turbulent mixing takes place, ex-
tanding up to 11 kilcmster, is given by
the formula

absolute termperature T (° K) =
28818 - 65 H
where H is the height above sea level
measured in kilometers. In the strato-
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aphete, extending from 11 Lilometars
to 26 kilometers, the temperature is
assumed to be o constant 216.66° K.
Above the stratoaphere, other laws are
assumed, Although the ICAO atmoaphare
makes no sssumptions about wind st:
ture, for firing table purposss it ia &a-
sumed that there is no wind.

standard deviation. In the fleld of testing, a

measure of the deviation of the individual
values of a series from their mean value.
The standard deviation is expressed alge-
braically by the formula

Izt

N

where = (sigma) means the sum of, X
equals the deviation from the mean, and
N equals the number of scores or fndivid-
uals in the distribution. For example, let
us assume & distribution of 5, with scores
of 2. 4, 6, 8, and 10. The mean of these
acores is 8, the deviations --4, =2, 0, 42,
and +4. Each, squared, gives 16, 4, 0, 4,
and 16. The sum of these is 40, which
divided by 5 makes 8. The square root of
8 is 2.82. This is the standard deviation.
Other met"ods of arriving at the atandard
deviation are used, but they go back to
the formula shown.

standoff distance. The distance between the
base of a shaped charge liner and the
surface of a target.

T

terminal ballistics. The atudy of terminal
, ballistics is concerned with developing an
underltlndxnz of the fundamental prin-
ciples underlying the destructive effects of
weapons on targets. Knowledge s0 gained
is applied, offensively, to the improvement
of various weapons systemw, ranging from
rifles and hand grenades carried by
soldiers to nuclear warhcads carried by
ICBM's, and defensively, to the improve-
ment of protective devices, such as body
armor for soldiers, protective armor for
ground, air-borne and space vehicles, and
ground atructures, vermanent and tem-
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porary. Both experimental and theoretical
investigations are carried out in the fields
of blast, detonation phenomena, penetra-
tion of fragments and bullets into various
media under study, snd ground shock,
combustion, and nuclear radiation.

thermonuclear. Of or pertaining to nuclear
reactions or proccsses caused by heat, esp.
to nuclear fusion caused by the intense
heat of an atomic bomb explosion., (Sec:
fusion, nuclear.)

TNT. (abbr). Trinitrotoluéne (trinitroto-
luol). This explosive .a better known by
its abhreviation than by itz chemical
name. Sce: trinitrololuene.

trinitrotoluene. (TNT) High explosive
widely used as explosive filler in munitions
snd by engineers; trinitrotoluol; TNT.

tunguten carbide core. The heavy, hard core
used in high-velocity srmor-piercing type
projectiles.

turbulence, A condition in the airflow .. ;out
A wing, or other airfoil, in which difterent
velocities and pressures are laterally
mixed between layers of the alrflow.

U

uliravielet. Qutside the visible apectrum, At
the violet end; higher in fraquency than
visible light. The opposite of “infrived.”
Said of light, rays, frequencies; hence,
“ultraviolet light.”

v

valnerable aren. The product of: (1) the
probability that & projectile striking a
target will cause disabling damage; and
(2) the presented area of the target.

w

war gag. Toxic or {rritant chemical agent
regardleas of its physical state, whose
properties may be effectively exploited in
the flald of war,

warhead. Rocket and guided missile: That
portion which is the payload the vehicle
is tn deliver to a predetermined pojnt in

673822 O-83--23

spuce and time. In a general sense, it
includes the payload plus the missile sec-
tion surrounding the payload, and its
related componsnts. In & specific sense,
it refers to the payload only; in which
case the compiete misnile payioad assem-
bly is called a warhead section. Warheads
may be categorized as high explosive,
chemical, nuclear, ballast, etc. In the case
of nuclear warheads (sometimes referred
to as special warheads), the term warhead
refers to the nuclear wenpon proper. This,
along with the kit which adapts the nu.
clear weapon proper to the missile war-
head application, and the missile warhead
compartment, makes up the complete war-
head section,

wave langth, The distance truveled in one

period or eycls by a perlodic disturbance.
It is the distance between corresponding
phuses of two consecutive waves of s
ave train. A wave length is the quotient
of velocity divided by frequency.
ve shaper. Pertaining to explosives, an
insert or core of inurt material, or of ex-
plogives having different detonation rates,
used for changing the shape of the detona-
tion wave.

wowsd ballistics. That portion of terminal

ballistics sperializing in the effact of ul-
lets and fragments in wounding personnel,
and in the factors producing disabling
injuries. See: casualty criteris.

Y

yaw, 1. The angle batween the direction of

motion of & projectile and the axis of the
projectile, referred to either as “yuw,”
or, more compiletely, ay “angle of yaw.”
The angle of yaw increases with time of
flight in an uustable projectile, and de-
creases to a constant value called the “yaw
of repose,” or the “repose angie of yaw,"”
in a stable projectile. 2. Angular displace-
ment about an axis parallel to the normal
axis of an aircraft, guided missile or the
like.

yield. Also known as energy yield. The total
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effective energy released in a nuclear (or
atomic) explosion. It is usually expressed
in terms of the equivalent tonnage of TNT
required to produce ths same energy re-
lease in an explosion. The totsl energy
yield is manifested as nuclear radiation,

therm.l radiation, and shoelt (or blast)

P A‘.dx:.k-z
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