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large diameter. In practice, however, it is found
that in small diameter cylindrical charges the

.detonation front is curvedy and its velocity

depends upon the degree of charge confinement
and charge diameter. Also it is observed that fox
each explosive there is a critical value of charge
diameter below which a sfeady-sa,te
detonation will not propagaté. For example, d,

is about 1 em for cast TNT, about 10 om for |

ammonium nitrate, and about 160 ecm for some

types of rubber-base compoate propellant. The

explanation of these “nonideal” detonation
phenomena relates to the effects of charge
expansion and lateral energy losses on the rate
of chemical reaction in the detonation reaction
zone, “Nonideal” detonation behavior is
discussed in detail in Chapters 9 and 11.

If we take a solid explosive such as cast TNT

" and set a match to’it, it will probably bum .

(deflagrate) with a Jinear velocity of =1 cm[sec.
However, if we strongly shock the explosive it
will detonate at = 7 X 10% em/sec. It can also be
observed that if a burning explosive is confined
or if the explosive is porous, a deflagration to
detonation transition will occur some place in
the material. This brings up very practical
questions such as what are the conditions which
cause’ the initiation of detonation ‘in an
explosive, and why do different explosives, or
even the same explosive at different bulk
densities, react differently to initiating
stimuli—e g., shock, impact, friction, spark, heat

etc.? The need to design reliable’ detonauon_:i

jnitiation devices and to revent accxdenml

" initiations lent early impetus to studies devoted

to charscterizing the ease of iitiation or
sensitivity of explosive materials.

There is now substantial evidence that all
detonation initiation processes are essentially
thermal in origin. By this is meant that initiating
external stimuli such as shock, imipact, and spark
cause heating of the explosive and the creation
of thermal explosion—sometimes in small
localized regions of the explasive charge, Le.,
hot spots. The thermal explosion, if it is of

sufficient intensity, will propegate a deflagration ..
- moderate the energy available for useful work or

the temperature of the gaseous products. If one” -

and/or shock wave which eventually leads to the

" formation of a detonation. wave. The factors -

which determine whether or niot the stimulus is
sufficient to cause thermal explosion and
whether or not the thermal-explosion is of
sufficient intensity to grow to detonation are

very complex, involving chemical kinetics,
thermodynamics, mass_and heat transport, and
hydrodynamic flow. A detailed discussion of.
thermal explosion’ and its application to
detonahon mxtmtxon are given in Chapters 10-12.
i one of the main

Tgey T blastmg. The transmission of
detonahon energy to the medium surrounding
an exploswe relates not only to the properties of
the medium but also to the properties of the
explosive; e.g., detonation velocity, energy,
pressure, product composxtxon, ete. The theory
of blast propagation in air and water from an
sphencal explosive. charge is deseribed in detail
in Chapter 13. Thertheory is of significance in a
book on explosive behavior since it sets the
foundation and limitations of the concept of
“TNT Equzvalent” which is often used in
evall toave ‘Performance, as well &
fomun the! basis-of'some of the experimental
detenmnahons of the energy of detonation (cf.
Chapter 3)

~ Finally in Chaptér 14 we discuss some of the
equilibrium thermodynamic and time dependent
hydrodynamic computer codes which are
currently being used in calculating explosive
properties and explosives® behavior.

13 TYPES OF EXPLOSIVE

It has become traditional to distinguish
yarious | types of explosives. Most
x eé 'conslst of pure compounds.
‘sxmple mixtures of exploswe
compounds. In. such compounds the oxygen is
normally bound in nitro- or nitrate-groups, and
the explosion reaction consists of the
decomposition of the molecule of the explosive
substance. Mahy commercial explosives consist
of mixtures of various kinds. The mixture may
consist of a substance which itself is an explosive
to which are added various materials which may
serve as added fuel, added oxidizer, or inerts.
When inerts are present, their function is usually
to servé as a thermal ballast and thus to

or more of the ingredients of such mixtures is an
explosivi substance, it i useful to call the
mixture: a hybrid explosive. Commoercial
dynamites provide an example of explosives of

- 13
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this type. A very large number of formulations
exist, each of them tailored to meeta particular

. commercial need and to comply with safety

requirements imposed by the particular use.
Another type of explosive mixture may consist
of two or more substances none of which of
themselvea are explosives. These may be called
composite explosives, Typically they consist of
mixtures of a substance serving as fuel: and:a
substance servmg as omdlzer. Mixtures of thg
oxidizer ammonium nitrate, which can only be
exploded with gr%t difficuity, and fuel oil are

. examples of this type whn:h have recently

become very prominent as cheap blasting agents.

Most explosive’ charges contain a main charge
which is designed to accomplish the particular
task for which the explosive is intended. The
common explosives with a sufficiently high
energy and pressure of explosion are normally
somewhat difficult to initiate. These materials

-are called secondary explosives. Typical of this

class are the military explosives TNT, R.DX, and
the commercial dynamites. To provide relmbIg
initiation, the charge will contain an initiator
employing a substance easily initiated by a
thermal sowrce or by mechanical shock but
whose energy and pressure of explosion are too

. low for use as a main charge. These materials are

called primary explosives. Lead azide and
mercury fulminate are well-known examples. A
typical explosive device (see Fig. 1-1) consists of
a train composed of an initiating charge of
primary explosive, a main charge of secondary
explosive, and a booster charge which is initiated
by the primary explosive and which-
accomplishes the initiation of the miain chazge.
The booster, therefore, serves as an intermediate:
step in the detonation of the main charge. The'
more sensitive secondary explosives are
employed as bodsters. Tetryl and PETN are

. frequently used for this purpose. Blasting caps
- are themselves explosive trains, containing a

small amoéunt of primary explosive and a booster
charge which today is often PETN.

Some typical exploave compounds are listed
in Table 1-1. Table 1-2 gives the compositions of

. some explosive mixtures.

14 SOME DEFINITIONS Ry
- We wish here to define the meamng ot several
terms that are employed in the discussion of the

" 14

' properties and behavior of explosive substances.

Some of these texms are in everyday use with
meanings that are in varying degrees of
1mprecxsion "Some are not even capable of
precise definition but are in such common use as
to have a more ‘ér' less established meaning
through usage. The word “explosion” is in this
categors;k as is, for mn!:,fle, the word “fire”.
Some _vterms{ Ie. susce tible to exact definition
}ﬁlp “freqt :’E’g L gisusﬁ such as the word
jsbonation"; “which’should only be used in the
case of rmﬁon by a detonation wave.

.An explosive can be loosely defined as a
substancé ‘capable of undergoing an explosion.
More precisely we shall employ the word as we
have in par. 1-2 to designate a substance or
mixtire of substances capable of undergoing
exothermic chemical reaction with the evolution
of gaseous products.at an extremely high rate.
Explosives may be in the gaseous, liquid, or solid
state of aggre@txon. In _this handbook we shall

pro;ecnon ofa quannty of matter. The term i zs,
for example, épplied to the event following the
rupture of a steam boiler in which steam and
possibly boiler case fragments undergo a rapid
excursion. The term is also applied, for example,
to the event that follows the sudden admixture
of liquid water to molten materials at a
temperature . subsmqgmllly in excess of f.he.
boiling point of witer. As a final example,. t.he :
term applies to the event resulting from the.'
overpnesunzaﬁon of any contamer. All of these

. '_kweshallemployﬂze
2 amu:e ctedsensetore!ertothe
overall proces§ by means of which an explosive
is suddenly converted to gaseous products
which, as will be shown, are at high temperature
and pressure. We shall frequently refer to the
chemical products of this process as explosion
products.
It may be noted that explosives may undergo

slow reactions to gaseous ptoducts (cf. Chapter
3). If the rate of these reactions is so slow that

high temperature and high pressure .are nof: . -
' obtamed, the process s not an explosion,

inal éxplosion is used in a special

: v discussed in Chapter 10. It is
the result of runaway exothermic chemical
reactivn’ whxch occurs when the rate of

£a:47 S082-9 T—J_Sqn 247
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" TABLE 11 TYPICAL EXPLOSI
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DONOR

53-_-,.:\--_.-(_ ,, /;,—,,ca, ,-"‘

ACCEPTOR

Figure 11-1. Transmission of Detonation From a Donor to an

Acceptor Charge

OONOR GAP

ACCEPTOR

Figure 11-2. The Gap Test

W

o

illustrated in Fig. 113 and is described as
follows: “a 5.08-cm length of pressed tetryl (o,
= 1.51 glce) to supply the shock; Lucite, or the
equivalent cellulose acetate, #s the shock
attenuator; a moderately confined acceptor

- charge of 8.65-cm diameter by 18.97-cm length;
and a mild steel witness (test) plate 0.952-cm
thick. The criterion of ‘detonation’ used is the
punching of a hole in the witness plate. The
messure of charge sensitivity is the length of
attenuator (gap length) at which there is 50
percent probability of detonation aocording to
the above ctiterion.”.

Gap test results become more significant when
they are equated not simply to the number of
cards or thickness of the gap but to the strength
of the shock wave at the critical “go, no-go
level”. The Naval Ordnance Laboratory has
“calibrated” the NOL test to make it possible to
interpret the resulis in this manner. The methad
is described in the paragraph which follows.

11-2

Az T A

71

(AL

00 PR.SSURE MEASUREM ENTS

{13
AN. THE, GAP TEST

By means of simultaneous shoek wave veloclty

and free surface velocity measurements, such as
those described in Chapter 5, the “Hugoniot

. adiabat” for Lucite has been determined. (The

method of erecting the Hugoniot ciurve from the
experimental data is’explained in Chapter 8.)
With this basic mformntxon the shock wave
strength at the end of the gap can be determined
ﬁ:om either shock wave velocxty or free surface

i velpcltg medsurements; with various thicknesses
- ofLuigite in’ the- gap, under actual conditions of

the test, ie, with the donar charge shown in

Fig. 11-3. This kind of determination was
"carried out at NOL, with the results shovm in-

Fig. 11-4, Le., axial shock pressure at the end of
the Lucite gap in kbar (1 kbar = 987 atm) vs

thickness of gap.
The shock pxesuze at the end of the Lucite

v@:41 9B@c-91-100
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. TEST PLATE
lIII-D STEEIJ

DIMENSIONS IN-C

Fxgure 11-3. Charge Assembly and Dimensions
for NOL Ggap Test

gap, however, is not in general equal to the

shock wave pressure transmitted to the acceptor g

a:plosivebecausoﬂm-ensusual.lyanacoushc
impedance mismatch between Lucite and the

test explosive. The transmitted shock wave

pressure can be readily determined from the
Hugoniot adiabat of the acceptor. Experimental
shock Hugoniots (or Hugoniot adiabats) have
‘been determined for many of the military
- explosives (see Ref. 2). However, the impedance
mismatch with Luicte does not differ very much

for many of thé common high explosives in the

.cast or pressed - condition; therefore, the
transmitted shock pressure in the explosive is
approximately proportional to the incident

pressure in the Lucite. Fig. 11-5 shows this,
relationship, the data points bemg the critical 50+ ;

mcompzessxblembemls are hxghly densified and “07 1T

percent explosion points for nine explosives for
" ‘which sufficient equation of state data were
available to calculate the imitial pressure in the
transmitted shock. It may be observed that for
these materials no error would be made in
ranking the explosives for shock wave sensitivity
it one were to use incident pressures in the
Lucite rather than transmitted pressures in the

AR/eT A

dscqn
"the pressure,

explosive. Tlus mtementwould not necessarily.

. apply, however, if explosives differing widely in
-dens:ty were bemg compa:ed, eg, a loose

focket propellants at the Naval
Ordnance * :Laboratory. The term “loading
pressure” in the table-refers to the prfssure of
the incident wave at the end of the Lucite gap.
A hotable feature of the measurgments is the
effect of voids in composite propellants. (These
propellants are based on ammonium perchlorate
as oxjdizer with an oxganic, rubber-like binder.)
Composité®propellants-in théir service condition
and containing no high explosives such as HMX
are generally nondetonable in this fest, even

[ R _'w en the tet.s‘yl donar charge is in direct contact
254 i
| RO O “*:&ntoﬁmergp fést cannot be taken to

AL tRe T ‘*arﬁ“n “{zéfo" gap). However, a
Jmply that a propellant is nondetonable under
all cond:txons of ‘initiation charge diameter and
confinement,' When. the propellant is shredded
and recompressed, leaving some air-filled voids,
it becomes very sensitive to initiation. Voids,
therefore, appear to influence sensitivity very
markedly in this case. -

11-4 EFFECTS OF “SHOCK WAVES IN
CONDENSED EXPLOSIVES

,‘Inpa. M’“"&"} oug matgrml lacking voids or

FIE VY
B gg nd, a shock wave raises

densxty, and temperature . :
uniformly in the plane immediately behind the
front. Condepsed media are, of course, very
much less comprsable than gases; therefore, the
increases in density and temperature that,
accompany a given rise in pressure are much

‘smaller than in gases. However, the pressures

developed in the detonation of condensed
materials are in the order.of 10,000 times the
detonation pressures of gaseous mixtures at an
initial pressure of one atmosphere—e.g., 200,000

-a.tm prssu:e fpr condensed explosives compared

‘easeds explosives. Under such

heated by ‘the compression. It is perhaps not
surprising to find, therefore, that the detonation
front in a condensed explosive detonation heats
the medium to a temperature in the
neighborthood of 1,000°C or higher, 2
temperature quite high enough to start

: 113
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- TABLE-11-1 SHOCK SENSITIVITY OF SOLID- ROCKET PROPELLANTS IN THE

NOL GAP TEST
Loading Pressure at
Propellant Physical State the 50 percent Point, kbar
various composites service condition; _ . no-go
’ ' nonporous e
double base semce condmon, x . 8047
ik . L ks ‘
composite with 17-18 petcent service condiﬁon:‘ LT 1 . . 69-58
high explosive nonporous : .
composite shredded and pressed; 11.7

16-22 percent connected pores

]

the Taylor expansion described in Chapter 8) is
small for a time period of some microseconds.
(8) Large enough diameter in the donor

not seriously affect the pl_ananty of the shock
wave or decrease the period of sustained high
pmesuzebehmdthe front. :

{4) Variable attemation of the donor
shock wave. This is produced by inserting
between the donor and acceptor charge a gap
filled with an inert material of wvarious
composition and thiclkmess.

A number of different experimental
arangements were used to elucidate various
aspects of the phenomena. These cannot be_

described in detail here. Typical anangemenq ;

—~taken from Refs. 5,6—are shown in, E‘:g..
11-6(A) and 11-6(B), and iilustrate how the
various :eqmremenix previously enumerated
were met in these experiments.

The major aspects of inifiation phenomena in
homogeneous and nonhomogeneous explosives
as derived from a long sexies of expeximents with
liquid and solid explosives can be stated as
follows: ’ .
(1) In Nonhomogenecous Explosives. If
the entering shock wave is above a critical
strength, it,begim’ to accelerate at the point of
entry, gaining strength relatively slowly at first,

but ever more rapidly until steady-state’ CJ ,nrﬂ_lesemco ditionsi

velocity is reached. The. development: of :
116 '
@ec/std

only weakly supported by chemxcal reaction to a
SpatEedy:

shock wave production system so that lateril o

expansion effects (described.jh Chaptér:9)'ds : ,wrges?o'ﬁ “?;

2 e __'}?_.‘,‘\;__"f‘
detonation in this case may be described as'a
smooth transition from a shock wave at first

Tl %ﬁowto ‘detonation, in which
the g'ater part of the increase in shock strength
occufs, comptise only a small fraction of the
total fime between -the initial entrance of the
wave and the final achievement of full
detonation. Material lying in the region between
the point of entry of the shock wave and the

region between the point where detonation ﬂmt_ '

starts remns essenually unreacted, and

'netonahon (a “detoiation wave movmg back

toward ‘the point of shock entry) is oﬂ‘en
ohsetved._

: )”._1 i X neous . Explosives, The
éjg %',Egz ock’ %ﬁ ‘as would a chemmallys
Unsupportec sl'f‘ m ‘an inert material, deeaymg

slightly and-losing speed as it travels forward
because of normal dissipation. After an
inductior period—which bears a strong inverse
relationship fo the strength of the entering
shock—detonation starts, not af the shock front
but at the entmngfaceofﬂ:encceptor This,

detonation wave is  characteristic’ of the > --.

explosive: medium in,; the precompressed (and
heated) condition created by the initial shock,
and it travels at a hypervelocity (higher than the
C-J velocity at normal density) characteristic of
:plis:the -velocity of forward
>-the medium by the initial

moﬁo
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